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CHAPTER I. INI'RODUCTION 
A. Introductory Statement 
Heteropoly electrolytes constitute a large, distinct, fundamental 
category of compounds of considerable potential theoretical and practical 
significance. The large number of different elements which can form 
heteropoly compounds, the recurrence of a few well-characterized structures, 
and the unusual properties currently being explored by modern techniques 
recommend these compounds as an appropriate testing area for studies 
directed toward the advance of theories of structure and bonding in complex 
inorganic compounds. 
The development of the field of heteropoly electrolyte chemistry has 
been discussed in several works1-5. The referenc~cited provide a valuable 
critical background to the study of earlier reviews and tabulations6-8. 
More recently, the status of knowledge in the field of heteropoly molybdates 
has been summarized9, and a description has been givenl0 of some of the 
1. .A. F. Wells, "Structural Inorganic Chemistry", Second Ed., Oxford 
University Press, New York, 1950, pp. 3L8-355 and pp. 89-93. 
1 
2. H. J. Emeleus and J. s . .Anderson, "Modern Aspects of Inorganic Chemistry", 
~cond Ed., D. Van Nostrand Co., 1952, pp. 206-227. 
3. w. Ruckel, "Structural Chemistry of Inorganic Compoundsn, Vol. I, 
Elsevier Publishing Co., Amsterdam, 1950, pp. 179-213. 
L. P. C. L. Thorne and E. R. Roberts, 11F. Ephraim's Inorganic Chemistry", 
Fifth Ed., Interscience Publishers, New York, 19L8, pp. 512-521. 
5. G. A. Tsigdinos, Doctoral Dissertation, Boston University, 1961, 
pp. 167-185. 
6. .A. Rosenheim in Abegg' s "Handbuch der anorganischen Chemie", Vol. IV, 
Part 1, ii, Leipzig, 1921, pp. 977-1065. 
7. "Gmelin$ Handbuch der anorganischen Chemie 11 , System Number 53 
(Molybdln), Verlag Chemie, Berlin, 1935, pp. 312-393; System 
Number 5L (Wolfram), 1933, pp. 32L-396. 
8. J. W. Mellor, ".A Comprehensive Treatise on Inorganic and Theoretical 
Chemistry", Vol. XI (Te, Cr, Mo, W), Longmans, Green and Co., 
London, 1931. 
9. L. C. W. Baker, "Properties of Heteropolymolybdates 11 , Information Bul-
letin Cdb-12, Climax Molybdenum Co., New York, 1956. 
10. L. c. W. Baker in "Advances in the Chemistry of the Coordination 
Compounds", s. Kirschner, Editor, (Proc. of the Sixth Int•l. 
Conf. on Coord. Chem.), Macmillan Company, New York, 1961, 
pp. 60L-612. 
more important methods and directions of modern research concerning 
heteropoly compounds. 
B. More Important Results of the Present Work 
Some of the more significant new results to be reported in the 
following chapters include: 
1. The first establishment of the existence of complexes which con-
tain BilY d6 ion (Co{III)) in a tetrahedral site1• Investigation of the 
magnetic properties and spectra of such complexes. 
2. The first use of heteropoly complexes to provide stabilization 
of unusual coordination geometries for transition metal ions2• 
3. The first reported single heteropoly anion containing two dif-
ferent elements as "central atoms"3. 
ij. The first demonstration of the incorporation of a typically 
metallic transition element as the central atom in a "Keggin structure" 
12-heteropoly complex. 
5. Development of techniques for obtaining increased accuracy of 
magnetic susceptibilities by the Go~ method. 
6. Experimental evaluation of a number of substances sometimes 
recommended as par~netic standards. 
7. Development, after critical experimental search, of an improved 
analytical method for very accurate determination of cobalt in the 
presence of large excesses of tungstate, and establishment of accurate 
analytical methods for differentiating and determining the various 
structurally different types of cobalt atoms in these compounds. 
1. L. c. w. Baker and v. E. Simmons, J. Am. Chem. Soc., 81, ij7ijL (1959). 
2. V. E. Simmons, N. F. Yannoni, K. Erika and L. C. W. BiKer, Abstracts 
of Papers Presented before Div. of Inorg. Chem., Natl. Meeting, 
Am. Chem. Soc., Atlantic City, 1959, p. 25N. 
3. V. E. Simmons and L. c. W. Baker, Proceedings of the 7th Intl. Conf. 
on Coord. Cham., Stockholm, Sweden, 1962, p. 196. 
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B. Report o.f the .first tetrahedral complex exhibiting a Jahn-Teller 
distortion which removes degeneracy in the non-bonding (e) orbitals o.f the 
central atoml. 
9. Study o.f tetrahedral Co(II) am Co{III) complexes wherein the 
magnitudes of the Weiss constants can be correlated unambigously .for the 
.first time in terms o.f the detailed s.ymmetries of the coordination spheres. 
10. Investigation of isomorphous complexes o.f tetrahedral Co(TI) and 
Co(III) Wherein the distortion of the Co(III)OL tetrahedron, relative 
to the regularity o.f the Co(II)OL tetrahedron, can arise only .from 
Jahn-Teller forces1• 
11. Investigation o.f the rapid reversible redox reaction which 
interconverts the Co(II) and Co(III) isomorphous complexes2• Probably 
very few, if any, other Co(II) - Co(III) couples exist .for which such an 
investigation and its interpretation have been possible. 
12. The redox potentials enable predictions to be made regarding the 
existence and non-existence of various other isomorphous heteropoly 
complexes based on other central atoms. These predictions are based on 
plausible assumptions about entropy changes and heats of .formation. 
13. Investigation, correlation, and interpretation o.f the chemical 
properties, structure, spectra, and magnetic properties o.f (a) a complex 
containing two Co(II) atoms and {b) a complex containing both Co(II) and 
Co(III). These involve antiferromagnetic interactions between Co atoms 
which are separated by several other atoms. The latter complex exhibits 
a magnetic susceptibility which changes less than 10% between room 
temperature and liquid nitrogen temperature. Its magnetic properties are 
1. V. E. Simmons, N. F. Yannoni, K. Erika and L. C. W. Baker, Abstracts 
o.f Papers Presented before Div. of Inorg. Chem., Natl. Meeting, 
Am. Chem. Soc., Atlantic City, 1959, p. 25N. 
2. L. C. W. Baker a.nd V. E. Simmons, J. Am. Chem. Soc., g, L7LL (1959). 
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highly unusual, probably unique. 
11!. The mixed valence compound mentioned immediately above also 
provides a rare example of a well-characterized, soluble, polynuclear 
complex having charge transfer which involves atoms of the same element in 
different oxidation states. 
15'. Elucidation of' a fundamental (binuclear) new type of heteropoly 
compound which exhibits a new sort of' anion structure in solution and a 
new sort of' polymeric structure in crystals. 
16. Discussion of' the high probability that the tungstate skeleton 
of' heteropoly anions is an excellent conductor of electrons. 
Numerous other significant points are developed in the work. The 
foregoing ones will be set in better context in the following paragraphs 
of' this Chapter. 
c. The Problems 
At the time when this investigation was undertaken, the status of 
knowledge in the field of' heteropoly electrolytes, as well as the 
possibility for contributions to valence theory, pointed up the advisability 
of conducting an intensive investigation of a small group of compounds, 
rather than an extensive but more superficial study of a larger number. 
Such a group was available in the tungstocobaltates1, chemically inter-
related by the scheme1: 
I. [Co +2co +2wl2o~2] -8 H+ III. [co +2<w2o7) 6rlo 
12-tungstodicobaltoate (NHL) 2co3 12-tungstocobaltoate 
emerald green (with decomp.) blue-green 
ox.] l rdn. ox.j lrdn. 
II. [co•2co+~12o~2]-7 H+ ) IV. [co+3(w2o7)6]-9 
12-tungstocobaltocobaltiate 12-tungstocobaltiate 
dark brown yellow 
1. L. C. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc.,~' ~5'03 (1956). 
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The chemistry of the isostructural anions I am II had been fair:cy 
thoroughly investigated, and some of the major structural features had 
been deduced1• It had been shown that the two anions constitute a distinct 
new type of heteropoly anion structure. 
The isostructural anions III and IV had been identified as unique 
chemical species\ but little more was known about them than the atomic 
Co:W ratio (a limitation imicated by the use of Miolati-Rosenheim 
formulations in the above reaction scheme). Because, in heteropoly anions 
known at that time, the number of addenda atoms per central atom was very 
rarely more than six when the central atom was a typical metal, the anions 
were particularly interesting. The unusual fact that the two anions 
represent a Co(II) - Co(III) pair which is isomorphous, water-soluble, and 
resistant to oxidation or reduction by air, water, etc., also commanded 
attention. 
The colors of the several anions, and the persistence of the dark 
color of anion II even in very dilute solutions suggested the possibility 
of novel structural and bonding features. Further study of the 12-tungsto-
dicobaltates and the new category of compounds they represent seemed 
propitious for the development of structural and bonding principles in 
heteropoly anions. The central problem, however, was the characterization 
of the 12-tungstomonocobaltate species, anions III and IV. Elucidation of 
the structures and properties of all four of the anions was pursued in the 
present work by means of chemical studies, investigation of magnetic and 
spectral properties, oxidation potential measurements, and cryoscopy2 
in aqueous saturated sodium sulfate solution. 
At certain points in the course of the work, structural X-ray 
1. L. c. W. Baker and T. P. McCutcheon, J. Am. Cham. Soc.,~, 4503 (1956). 
2. Carried out by Dr. T. J. R. Weakley. 
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investigations were also undertaken with the cooperation of Dr. K. Eriks, 
who supervised all of those studies other than the first one1• These 
studies confirmed the structures derived from the other evidence and gave 
a number of very important data on interatomic distances. In addition to 
Dr. Erika, the chief participants in these X-ray investigations were: 
Drs. N. F. Yannoni, M. T. Pope, M. Shibata and J. Fang, besides the author 
a.rrl Dr. L. C. W. Baker. 
D. Results 
The following section expands somewhat on the points already listed 
in Section B above. 
This dissertation reports the findings of an investigation of the 
chemical, magnetic and spectral properties, and of the structures as 
deduced from that evidence, of the four interrelated heteropoly tungsto-
cobaltate anions. It also reports the results of a preliminary investiga-
tion of a new type of heteropoly anion, containing two different elements 
as central atoms, which was discovered in the course of this work. 
This work establishes the formulas of the two isostructural 
12-tungstomonocobaltate anions as: [Co~~w12o36]-(B-m), where m • 2 or 3. 
Proof of the formulations involved: 
{a) preparation of several salts and the free acids of both anions; 
(b) quantitative analyses for total Co, Co(II) or Co(III), w, water, 
and cations; 
(c) demonstration that all of the cobalt in each compound was present 
in the anions in the indicated oxidation state, and that all of the cobalt 
could be quantitatively and reversibl~ interconverted between the +2 and 
1. L. C. w. Baker and T. P. McCutcheon, J. Am. Chem. Soc., J!, ~503 (1956). 
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+3 oxidation states; 
(d) potentiometric titrations, with alkali, of salts and acids of 
both anions, which established the charges of the anions, and proved thereby 
that each anion contains a minimwn of ~0 oxygen atoms; arrl 
(e) careful dehydration studies which showed that salts of both anions 
can be quantitatively debydrated without decomposition, demonstrating the 
absence of constitutional water in the anions and the presence of exactly 
~0 oxygen atoms in each anion. 
The structure of the anions was inferred from the formulas and from 
the evidence that the central Co atom in both anions is tetrahedrally 
1 
coordinated. The tetrahedral coordination geometry of Co was revealed 
by studies of absorption spectra, magnetic properties, and oxidation 
potential. The absorption spectra of both anions have been interpreted in 
terms of crysta.l field theory, and the crystal field and interelectronic 
repulsion parameters have been estimated for Co in both +2 and +3 oxidation 
states. For tetrahedral Co(II): Dq • ~8~ cm.-1, B' • 672 cm.-1; for 
Co(III): ~ 11 (for a distorted tetrahedral field) ~ 800 em. -1; B' ~ 600 em. -1• 
The effective magnetic moments, and the temperature-dependence of the 
magnetic moments, for salts of each of these two monocobaltate anions have 
also been interpreted in terms of the geometry of the crystalline field 
around the Co. As predicted for Co(II) in a regular tetrahedral field, 
(1) the effective magnetic moment (~.27 B.M.) is only slightly larger 
than the "spin-only" moment for three unpaired electrons (3.87 B.M.), 
indicating a small orbital contribution, and (2) the Weiss constant is 
1. At a time when the essential evidence for this had been assembled in the 
present study but while this investigation was s~ill in progress, it 
was independently stated by Shimura and Tsuchida , on the basis of a 
qualitative comparison of portions of the absorption spectra, that 
the central cobalt atoms are probably tetrahedrally coordinated in 
these compounds. 
2. Y. Shimura and R. Tsuchida, Bull. Chem. Soc. Japan, .2£, 502 (1957). 
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essentially zero. The effective magnetic moment for Co(III), 5.01 B.M., 
corresponds to the spin-only moment for four unpaired electrons (~.90 B.M.) 
plus a small orbital contribution, as predicted by a straightforward crystal 
field analysis for a tetrahedral d6 ion. The small negative Weiss constant 
(-1.1°K.) has been rationalized in terms of the elongation of the Co(III)O~ 
tetrahedron. (c) Unlike maey octahedral Co( III) complexes, the 12-tungsto-
cobaltiate anion may be reversibly and practically instantaneously reduced 
to the Co(II) isomorph at room temperature. This fact has been interpreted 
in terms of the electron configurations of Co(II) and Co(III) in a tetra-
hedral field. The formal oxidation potential of the system in 0.5 M H2so~ 
has been determined to be -1.07 v., and a preliminary estimate of the 
standard oxidation potential has been made (-1.00 Z .02 v.). The oxidation 
potential data have been used as the basis for predictions concerning the 
redox behavior of the recently reportedl,2 12-tungsto complexes of several 
other transition metal ions, and prediction of the existence or non-
existence of others. 
Geometrical considerations reveal that there are only five plausible 
structures for a complex with the deduced formula and with a tetrahedrally 
coordinated central atom, when no unreasonable assumptions are made with 
regard to the coordination of the twelve W-containing polyhedra. Of the 
five geometrically possible structures, one corresponds to the structure 
deduced by Keggin and others3-7 for [PO~w12o36]-3 and other similar anions 
with non-transition element central atoms (Si(IV), B(III), etc.). A 
1. D. H. Brown and J. A. Mair, J. Chem. Soc., 1962, 1512, 39~6. 
2. D. H. Brown, J. Chem. Soc., 1962, 3322, ~~0~ 
3. J. F. Keggin, Nature, 131, 9~1933); Proc. Roy. Soc. (London), A~~' 
15 (193~) • - -
~. J. W. Illingworth and J. F. Keggin, J. Chem. Soc., 1935, 515. 
5. J. L. Hoard, Z. Krist., 8~, 217 (1933). -----
6. J. deA. Santos, Revista Taculdade Cienc., Univ. of Coimbra (Portugal), 
16, 5 (19~7). 
1. R. signer and H. Gross, Helv. Chim. Acta, .!I' 1076 (193~). 
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structural X-ray investigation1 confirmed that that is indeed the structure 
for 12-tungstocobaltia.te in K5[Co04W12o36] •20H2o. Further, it provided 
conclusive proof of the Keggin structure (which Keggin and other previous 
workers had deduced only on the basis of the positions of the heavy W 
atoms) by directlY locating all forty oxygen atoms. The broad significance 
of the X-ray results to polyanion structures has been discussed2• 
The 12-tungstocobaltates are the first heteropoly anions with transition 
metal central atoms Which were thus conclusively demonstrated to possess 
the Keggin structure. The significant feature of the structure is that 
the cobalt atoms are located within coe4 tetrahedra. So far as the author 
has been able to ascertain, anion IV (and anion II) represent (a) the 
first complex ions known to contain a d6 transition metal in a tetrahedral 
site, and (b) the only complex ions known to contain Co(III) in a tetra-
hedral site. 
This constitutes the first demonstration that heteropoly electrolYte 
structures can provide stabilization for unusual coordination numbers 
and geometries, in addition to their well-known stabilization for unusual 
high oxidation states of transition metal central atoms. The magnetic and 
optical studies of anion IV in particular also provide the first opportunity 
to test theoretical predictions concerning the properties of d6 ions in 
tetrahedral sites. Interpretation is simplified because of several 
experimentally favorable characteristics of the heteropoly structure, 
including high stability to dissociation and to oxidation or reduction of 
the central atom under normal atmospheric conditions, virtual absence of 
solvation effects, and low probability of magnetic exchange interactions 
1. N. F. Yannoni, Doctoral Dissertation, Boston University, 1961. 
2. L. c. W. Baker in AAdva.nces in the Chemistry of the Coordination 
Compounds", s. Kirschner, Editor, (Proc. of the Sixth Int•l. 
Conf. on Coord. Chem.), Macmillan CompaiV, New York, 1961, 
pp. 604-612. 
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in the crystalline state. {The magnetic results reveal the absence of 
solid state exchange interactions.) 
The studies reveal that the tetrahedral symmetry around Co is regular 
when Co is in the +2 oxidation state, but considerably distorted when Co 
is in the +3 oxidation state. Elongation of the Co(III)O~ tetrahedron 
has a.lso been revealed by the single crystal structure study of 
K5[CoO~w12o36]•20H2o. These facts are rationalized in terms of the theory 
of crystal field splitting of the electronic ground states of Co in the 
1 two oxidation states, and in terms of the Jahn-Teller theorem • 
A further significant aspect of the work reported herein is that it 
firmly establishes the fact that the two monocobaltate anions retain 
their identities both in solids and in solutions. This was revealed by 
the potentiometric titrations of solutions of the free acids of the two 
anions, and by cryoscopic measurements of aqueous solutions saturated with 
sodium sulfate2• The latter experiments showed that the sodium salts of 
both anions dissociate to give one anion per empirical formula unit, and 
that the species in solution have high thermodynamic stability (toward 
dissociation into smaller fragments). This relationship between solution 
and solid state does not always obtain for heteropoly electrolytes. 
Spectral studies of solutions of the 12-tungstodicobaltates, ~rformed 
as part of this investigation, prove that the structure of the isomorphous 
dicobaltate anions also involves tetrahedral coordination around the central 
oxidizable Co atom, but octahedral coordination around the "exterior" non-
oxidizable Co{II) atom. The anions are thus the first examples of species 
in which cobalt is found in both four-fold and six-fold coordination within 
the same discrete complex ion. 
1. H. A. Jahn and E. Teller, Proc. Roy. Soc. (London), Al~, 117 (1938). 
2. T. J. R. Weakley, Private communication, 1961 and 19'02'7"'" 
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The absorption spectra of the two 12-tungstodicobaltate anions have 
been partially analyzed in terms of crystal field theory. The 12-tungsto-
dicobaltoate anion spectrum has been interpreted as a superposition of the 
separate spectra of the octahedral Co(II) and tetrahedral Co(II) atoms. 
Application of the Tanabe and Sugano matrices1 yields the following values 
for the crystal field and interelectronic repulsion parameters for the 
dicobalt complexes: for tetrahedral Co(II), Dq • ij69 cm.-1, B' • 687 cm.-1; 
for octahedral Co(II), Dq • 850 cm.-1, B' • 678 cm.-1. The reduction from 
the free-ion value of B is very large compared to those observed for other 
octahedral complexes of Co(II), and has been interpreted herein as sup-
porting evidence for an exchange interaction between the octahedral and 
tetrahedral Co atoms within each anion. The existence of exchange inter-
action was deduced on the basis of the magnetic evidence for salts of the 
12-tungstodicobaltoate anion. 
The spectrum of the 12-tungstocobaltocobaltiate anion does not yield 
to this treatment because of the wide-range charge transfer spectrum which 
is observed beyond ~13,000 cm.-1• The normal spin-allowed crystal field 
transition for tetrahedral Co(III) is clearly discernible, however, and 
its structure and the wave numbers of its components show that the distorted 
tetrahedral crystal field aroum Co(III) in the dicobaltate anion is 
essentially the same as that around Co(III) in the monocobaltate anion. 
The combined results of chemical studies and of a partial X-ray crystal 
structure investigation2 reveal that the ammonium and potassium salts of 
anions I and II represent a fumamentally new type of solid, the structure 
of which has been partially elucidated herein. The basic structural unit 
1. Y. Tanabe and s. Sugano, J. Phys. Soc. Japan, 9, 753 and 766 (195ij). 
2. K. Eriks, J. Fang, M. T. Pope, V. E. Simmons, !. Garber and L. c. W. 
Baker, Unpublished work. 
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of each anion is the Keggin structure, with an octahedral co06 group 
attached at the periphery. In the cubic crystalline ammonium and potassium 
salts, neighboring complexes are held together by a system of hydrogen 
bonding which involves the exterior Co06 groups of each anion. Ignoring 
the ~0 oxygen atoms of the Keggin structure, hydrogen and oxygen atoms are 
present in the proportion On+2H2n per Keggin unit. The crystalline solids 
thus represent a type of infinite three-dimensional polymer, which is 
easily soluble but which must react with solvent in order to dissolve. 
Thus the 12-tungstodicobaltates, unlike the 12-tungstomonocobaltates, are 
not idential in solids and in solution. The empirical formula for the 
anions in the cubic crystalline salts is given by: 
[ +2 +m ]-p(lO-m) wh 2 3 Co00tCotetW12o~0o2.JI2n p· · , ere m • or • The spectra prove 
that the octahedrally coordinated Co atoms remain attached to the complex 
in solution. 
The temperature dependence of the magnetic susceptibilities of several 
12-tungstodicobaltate salts was studied. The results show the presence of 
negative exchange interactions which cause anti-parallel alignment of 
electron spins and reduction of effective magnetic moments. The only 
single interpretation which is consistent with all the results for salts 
of both anions is that the interaction occurs predominantly between the 
octahedral am tetrahedral Co atoms within each anion. The relative 
dispositions of the two Co atoms is such that the interaction must be 
transmitted across a distance which is equal to, or greater than, the half-
thickness of a Keggin unit - i.e., through a chain at least as long as 
0-W-0. The exchange coupling constants appear to be rather large for such 
an interaction model, but other kims of evidence (including rate of redox 
of the central tetrahedral Co atom, and charge transfer between Co(II) and 
Co(III) in 12-tungstocobaltocobaltiate) indicate that the Keggin-structure 
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12-tungsto framework is an excellent "conductortt for various electronic 
processes. 
A new type of mixed heteropoly anion has been prepared. It is the 
first to be reported in which atoms of two different elements (Co and Si) 
function as ttcentral atoms" within the same discrete anion. The anion has 
not yet been completely characterized, but some of the essential features 
of the structure, as established by electrolytic migration studies, 
chemical analyses, several kinds of ion exchange experiments, and absorption 
spectra, are reported. On the basis of this evidence, the new mixed 
heteropoly anion appears to belong to the same new fundamental category of 
compounds represented by the 12-tungstodicobaltates. 
A portion of the absorption spectrum of the mixed heteropoly anion 
has also been interpreted in terms of crystal field theory. The crystal 
field parameter for the octahedral Co(II) atom (Dq • 86L cm.-1) is 
essentially the same as that calculated for the octahedral Co(II) atom in 
12 -tungstodicobaltoate, but the interelectronic repulsion parameter shows 
a smaller reduction from the free-ion value {B' • 780 cm.-1). These data 
are consistent with the interpretation offered for the dicobaltate anion, 
since no exchange interaction can occur between tetrahedral Si(IV) and 
octahedral Co{II). Together with the unusually high absorption intensity 
for the octahedral Co(II) bands in both the 12-tungstocobaltosilicate and 
the 12-tungstodicobaltoate anion spectra, the datare also consistent with 
the interpretation that the co06 group in both anions is distorted. Such 
distortion could arise if the octahedral Co(II) atom were coordinated 
partially to oxidic oxygen atoms belonging to the Keggin-unit part of the 
structure, and partially to OH- ions and/or H2o molecules. 
In order to make it possible to carry out the careful magnetic 
measurements, a versatile Gouy magnetic balance and low-temperature cryostat 
were built and calibrated. The construction, calibration, and operation 
of the apparatus are described. In making the magnetic measurements, close 
attention was paid to several factors frequently assumed or neglected in 
this type of work. Various methods of packing sample tubes were tested 
for uniformity of packing, and new methods of packing and of evaluating 
effective densities were devised which produce results of increased 
accuracy. A separate study was made of a number of substances which have 
been recommended for use as magnetic standards by various workers. The 
results of both of those studies are reported and discussed. 
Because both the magnetic properties and the visible and near-infra-
red spectra of the substances arise largely from the cobalt atoms, and 
because those properties are heavily dependent upon the chemical and 
geometrical environments of the cobalt atoms, particular attention was 
directed toward developing methods of eliminating excess cobaltous ions 
from the heteropoly salt preparations. While the effort to prepare very 
pure compounds was not uniformly successful, the development of some 
analytical procedures specific for octahedral and tetrahedral cobalt in 
these complexes, and the improvement upon and specific adaptation to these 
1 
compounds of an accurate method for determining cobalt , have made it 
possible to obtain precise information about the proportions of cobalt 
atoms in tetrahedral and in octahedral sites. Numerous quantitative 
methods for estimating cobalt were screened experimentally. Careful 
analyses for all other metallic elements were also performed. The 
analytical results tabulated in the pertinent sections of the dissertation 
represent very high precision for compounds of this type. 
E. Background 
Heteropoly electrolytes are the acids and salts of heteropoly anions. 
1. A. J. Hall and R. S. Young, Cham. and Ind.,~' 39~ (19~6). 
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A heteropoly anion contains, in addition to numerous oxygen atoms, at 
least two different elements other than hydrogen in positive oxidation states. 
Some examples are: [Te+6o6Mo6o18]-6, [Ni
2o6w6o1aH6J -L, [Ni +Lo6Mo9o26]-6, 
and [si•LoLw12o36]-L. 
One of the elements in positive oxidation state, called the "central 
atom" (although it is not necessarily located at the center of the anion), 
is present in smaller atomic proportion. To this time, about Lo elements 
have been reported to function as central atoms. (It is not uncommon to 
indicate the coordination number of the central atom (or atoms), when it 
is known, by writing first the formula of the entire central polyhedron, 
as done above.) 
Atoms of that element which is present both in positive oxidation 
state ani in larger atomic proportion are known as "addenda atomstt, or 
11addenda11 • These are commonly molybdenum, tungsten, and/or vanadium in 
their highest oxidation states, although niobium, tantalum, and uranium 
are also known to function as adden:l a. 
A common way of classifying heteropoly compoum s, other than by the 
chemical identity of the addendum element, is by the ratio of the number 
of addenda atoms to the number of central atoms. While anions have been 
reported with empirical formulas representing most integral (and several 
half-integral) ratios from 12:1 to 1:1, by far the most numerous species 
are those represented by the ratios 12:1, 6:1, and 9:1. 
Current concepts of heteropoly anion structure are based on the 
fundamental structural principles derived from considerations of radius 
ratio, crystallographic coordination number, and closest packing of atoms, 
1 
as developed by the Braggs, V. Goldschmidt, and their followers. Pauling 
appears to have been the first to suggest that the structures of discrete 
1. L. Pauling, J. Am. Chem. Soc., 2!' 2868 (1929). 
heteropoly complex ions might be predicted by applying the principles 
deduced from structural studies of complex ionic crystals, which he had 
formalized into a set of •rules•1• According to these rules, each metal 
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atom may be considered to be enclosed within a polyhedron of oxygen atoms, 
with its coordination number determined by the radius ratio of the metal 
and oxygen atoms. The polyhedra share corners, edges, and/or faces with 
one another in such a way that exactly all of the oxygen atoms in the 
anion are used in the assemblage. (As yet, no instances of polyhedral 
face-sharing have been discovered for heteropoly anions.) The results of 
X-ray investigations of numbers of different heteropoly compounds have 
verified this basic model, although the specific structural proposals of 
Pauling proved to be incorrect. In the cases investigated the polYhedra 
are arranged in highly symmetrical patterns which may be rationalized to 
some degree on the basis of electrostatics. 
For each of the three most numerous categories of heteropoly tungstates 
and molybdates, at least two distinct structures have been characterized. 
Descriptions of most of the structures, and references to the original 
literature, have been given elsewhere2'3. One of the structures, the 
"Keggin structure", will be described here in detail because all of the 
compounds studied in this investigation have been found to possess either 
the Keggin structure, or one closely related to it. 
The Keggin structure was originally deducedL for the 12-tungsto-
phosphate anion, [POLW12o36]-
3
• Many other 12-heteropoly anions have since 
1. L. Pauling, "Sommerfeld Festschrift", s. Hirzel, Leipzig (1928); 
J. Am. Chem. Soc., 51, 1010 (1929). 
2. L. C. w. Baker, 11Properlies of Heteropolymolybdates", Information 
Bulletin Cdb-12, Climax Molybdenwn Co., New York, 1956. 
3. G. A. Tsigdinos, Doctoral Dissertation, Boston University, 1961. 
L. J. F. Keggin, Proc. Roy. Soc. (London), AlLL, 75 (193L). 
-
been proven to be isostructurall-4 with it (althought not all areS). No 
Keggin ions with transition metal central atoms were known until the 12-
tungstocobaltates were shown6' 7 to have that structure, but recently some 
12-tungsto complexes of other transition metal ions (Cr(III), Mn(II), 
Fe(III}, Cu{II)) have been reported8' 9 to be isostructural. The general 
formula for these anions is [x+.mo4w12o36]-(B-m). 
From X-ray powder diffraction patterns of cubic crystalline 
17 
H3[P04w12o36]•5H2o, Keggin deduced that the 12-tungsten atoms in the anion 
are located at the vertices of a cube-octahedron surrounding the phosphorus 
atom. The idealized structure may also be visualized in terms of polyhedra, 
as illustrated in Fig. I-1. The phosphorus atom, tetrahedrally coordinated 
to four oxygen atoms, is at the center of the structure. Each W atom is 
at the center of a distorted octahedron of oxygen atoms. Each wo6 
octahedron is joined by edge-sharing to two other wo6 octahedra, in such 
a way that one oxygen atom is common to all three WO 6 octahedra and is at 
the same time part of the phosphate tetrahedron. The formula of such a 
cluster is w3o13• Four such clusters are arranged tetrahedrally around 
the central phosphorus atom, with two corner oxygen atoms shared between 
each pair of clusters. Thus in each wo6 octahedron, (a) one oxygen is 
shared with two other octahedra and the central tetrahedron, (b) two 
oxygen atoms are edge-shared with two other octahedra in the same cluster, 
(c) two oxygen atoms are corner-shared with adjacent clusters, and (d) the 
1. R. Signer and H. Gross, Helv. Chim. Acta, 17, 1076 (1934). 
2. J. deA. Santos, Proc. Roy. Soc. (tondon), n5o, 309 (193.5). 
3. J. L. Hoard, z. Krist., 84, 217 (1933). ----
L. o. Kraus, z. Krist., 91,-no2 (1935); 9L, 2.56 (1936); 100, 39L (1939); 
Naturwiss., 2.5, 2~ (1937); 28, 3T51; (19LO). -
5. L. c. w. Baker, G. A. Gallagher 'iiid T. P. McCutcheon, J. Am. Chem. Soc., 
15, 2L93 (1953). 
6. L. c:-w. Baker and V. E. Simmons, J. Am. Chem. Soc., 81, L7L4 (1959). 
7. N. F. Yannoni, Doctoral Dissertation, Boston UniversitY, 1961. 
B. D. H. Brown and J. A. Mair, J. Chem. Soc., 1962, 1512, 39L6. 
9. D. H. Brown, J. Chem. Soc., 1962, 3322, L40~ 
----
Figure I-1 
Diagrams of the ~~leggin Structure" 
for 12-Heteropoly Anions. 
Upper figure: Polyhedral model wherein each vertex of each 
pGlyhedron represents the center of an oxygen 
atom. The "central atom" is contained within 
the central tetrahedron and an addemum atom is 
contained within each of the twelve octahedra. 
Lower figure: Disposition of centers of atoms in the anion. 
0 • oxygen 
o • addendum atom (e.g., W) 
• • central atom (e.g., Co) 
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remaining o.xygen is unshared and projects outward from the structure. The 
overall formula is then [P(w3o10)~]-3, or [PO~w12o36]-3 • The upper 
illustration in Fig. I-1 shows the arrangement of polyhedra, while the 
lower figure shows the disposition of all of the atoms in the anion. (The 
two fig'Ul"es show different orientations of the anion. Another type of 
model of the anion is illustrated in Fig. VI-3.) The anion has overall 
tetrahedral symmetry, and its radius is independent of the radius of the 
central atom. 
While the skeleton arrangement of the Keggin structure was further 
substantiated by X-ray work of Santos1, the first conclusive proof was 
obtained by the combined chemical and structural X-ray investigation2-~ 
of [coo4w12o36]-5 am [coa4w12o36r
6 
carried out in this laboratory. 
In that work, all forty oxygen atoms in the anion were direct~ located. 
1. J. deA. Santos, Revista Faculdade Cienc., Univ. of Coimbra (Portugal), 
16, 5 (19~7). 
2. N. r.Yannoni, V. E. Simmons, K. Erika am L. C. W. Baker, Abstracts of 
Papers Presented before Div. of Inorg. Chem., Nat' 1. Meeting, Am. 
Chem. Soc., Atlantic City, 1959, p. 26N. 
3. V. E. Simmons, N. F. Yannoni,.:JC. Eriks and L. C. W. Baker, ibid., p. 25N. 
4. N. F. Yannoni, Doctoral Dissertation, Boston University, 1961. 
CHlP'l'ER II. CONSTRUCTION AND CALIBRATION OF A GarY MAGNETIC BA.LAYJE 
As part of the program to determine the magnetic susceptibilities 
of heteropoly tungstocobaltates, ·a versatile precision Gouy magnetic 
balance and low-temperature cr,yostat have been built and calibrated. 
The construction, method of operation, and calibration are described 
below, as are the technique developed for pacld.ng sample tubes and 
several procedures employed to determine the best operating conditions 
for the balance. 
While the Gow method can be applied to making absolute deter-
minations of susceptibility, it is impractical to use it that way 
because of the need for accurate measurements of a number of experi-
mental parameters, including the magnetic field strength. More 
usually, as here, the method is used as a comparative one. Under those 
conditions, the precision of the results depends on the close repro-
ducibility of a number of experimental conditions, and the accuracy 
depends heavily both on chemical factors and on the accuracy with which 
the susceptibility of the reference substance is known. 
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For those reasons, detailed descriptions of components, techniques, 
and the standardized procedures which were developed are given below, 
and a section concerning the search for a suitable reference substance 
is included. The status of knowledge about the chemical co.mposi tion of 
the several heteropoly tungstocobaltates is described in Chapter IV. 
The results of magnetic measurements on the tungstocobaltates are 
presented in Chapter V. 
A. Principle ot the Go& Method 
It has been shownl that when a small body or volume dv and 
volume susceptibility k2 is placed in a magnetic field H in a medium. of 
volume susceptibility k1, the body experiences a force lihich tems to 
move it along x, the direction of the field gradient. The force is given 
by: 
provided that (1) the body is isotropic and ( 2) the body does not 
appreciably distort the field surroun:iing it. 
(II-1) 
In the Go& method, the sample is a cylindrical rod of uniform 
cross-section, or more usual~ a fine~ ground powder uniformly packed 
in a glass tube, suspended vertical~ from one arm of a sensitive 
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balance. The length or the sample JRU8t be such that one em is in a 
region of high uniform applied field (Ha), and the other end is in a region 
of small field (H0). The total magnetic force acting on the sample is 
foum by integrating Eqn. 1, above, over the entire volume of the sample: 
k2-kl 2 
F • g(ow) • 2 A (Ha -H0 2), (II-2) 
where A is the cross-sectional area of the sample, g is the acceleration 
of gravity, and ow is the observed difference between the weights or the 
sample in and out of the magnetic field. The contribution k1 fraa the 
susceptibility or the surrounding medium may be rendered negligible by 
working in a nitrogen atmosphere, or may be eliminated by the use of 
~. F. Bates, "Modern Magnetism", Third Ed., Cambridge University 
Press, London, England, 1951, pp. 111-112. 
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compensated sample tubes similar to the design described below but having 
both chambers evacuated. 
In practice, the empty sample tube also usualJ.¥ gives rise to a 
small weight change { ot) in the magnetic field, which must be subtracted 
from the weight change observed for the full sample tube (Aw'). Thus: 
(II-3) 
It is also to be noted that, unless the sample tube is evacuated, what 
is experimentally determined is the volume susceptibility, k2, of a 
mixture of the sample and the gas which surrounds the sample particles 
in the tube. Unless the susceptibility of the gas is negligible, 
additional corrections are required, particularly if diamagnetic or 
weakly paramagnetic substances are being measured. A helpful discussion 
of this and other problems associated with packing difficulties, 
meniscus corrections, etc., hu been given by French am Harrison.l 
It is more useful to know the susceptibility per unit mass, "/-, 
than the volume susceptibility, k. The former may be obtained from the 
experimentally determined susceptibility per unit volume, k, by use of 
the relationship: k •Jtd, where d is the apparent or packing density of 
the specimen. Substituting d • w/LA. into Eqn. II-3, and rearrarging: 
• ~ 6W 
-. ll 
(II-L) 
L is the length of the sample. 
It is readily seen that for a specific sample tube and a re-
producible set of conditions, the mass susceptibility is proportional 
1 c. M. French and D. Harrison, J. Chem. Soc., 1953, 2538. 
to the change in weight of the sample when it is placed in a magnetic 
field, divided by the weight of the sample. By determining the ratio 
2L 
of weight change to sample weight for substances of known susceptibility, 
the constant of proportionality, ~ (sometimes called the "tube constant"), 
may be determined for aqy specific set of conditions. 
In order for ~ to be an experimental constant, the following 
conditions are required: (1) Uniformity of packing of sample in tube, 
and uniform internal cross-sectional area of sample tube, (2) re-
producibility of position of sample in field, within whatever limits 
may be imposed by the geometry of the magnetic field and field gradient, 
(3) reproducibility of magnetic field, (L) reproducibility of magnet 
air gap width (necea~ for reproducibility of field gradient), and 
(5) reproducibility of gaseous .11edi'Wil in the sample tube. 
If all of the above conditions are maintained, the further 
limitations on the accuracy of (3 and of the susceptibilities determined 
by this method are the accuracies with which: (1) the susceptibility 
of the reference substance is known, (2) the chemical composition of 
the samples is known, and (3) the temperature of the sample can be 
maintained and measured. 
B. Sample Tubes 
1. Desigl).: The sample tube used in all of the experiments re-
ported in this thesis was made of precision-bore pyrex tubing. The 
internal diameter of this tube (approximately 3.2 mm) vas constant to 
within :t 0.005 mm. The tube was approximately lh" long. Near its mid-
point, it was dir.i.ded into two ch8llbers by a septum. The septum was a 
flat pyrex tis k of approximately 1 .lllll. thickness, sealed to the inner 
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walls of the tube so as to be perpemicular to the long axis of the tube. 
A glass lathe was used to seal the outer portion of a stamard taper 
7/15 ground glass joint onto the tube, concentric with the long axis of 
the tube, and at a distance of 6 1/2• from the septum. A cap was made 
for the tube b,y sealing off the inner portion of the 7/15 joint about a 
half-inch from the ground glaas surface, and molding a sturdy, centered, 
glass loop into the seal. A small ring of sterling silver wire, which 
was inserted through the glass loop and soldered shut, was used .tor 
suspeming the sample tube. In use, the cap was firm~ twisted into 
the sample tube without lubricant, and light~ wired on with a short 
length of 32 gauge copper wire. 
The lower end of the sample tube was thoroughly cleaned with 
detergent solution and with hot concentrated nitric acid. It was rinsed with 
distilled water and with methanol, and sealed off under vacuum approxi-
mately 5 1/h" from the sept'Wil. Optimally, the two chambers of the sample 
tube should be of equal length, but the shorter length for the lower half 
was dictated in this case by the distance between the center of the mag-
netic field and the bottom of the dewar which contained the cryostat. 
In order to ensure that the sample tube would hang reproducibly 
plumb, it was necessary to machine a weight from a solid piece of fine 
silver, with a silver chuck end to slip concentric&~ around the lower 
end of the lower chamber of the sample tube. A flat silver lock ring 
slipped down over the chuck em ani held the weight firmly in position. 
The silver weight and ring added 18.50 g. to the weight (11!.77 g.) of the 
sample tube am cap. In addition to keeping the tube plumb, the added 
weight allowed accurate weight-changes to be measured at high field 
strengths, even on strongly paramagnetic substances with weight changes 
as large as 275 mg. When the silver weight was not used, lateral dis-
placement of the sample tube (which arises from small components of the 
dH dH form ~ and sa; in Eqn. II-1 above) prevented accurate observation 
of weight changes greater than about 100 mg. 
2. Determination of Corrections for the Eapty Tuhe: The tube was 
thorough~ cleaned in hot concentrated nitric acid, rinsed in distilled 
water and in aethanol, and dried by blowing a stream of Linde high-
purity (H.P.) dry nitrogen through a fine capillary tip admitted to the 
bottom of the sample compartment. The silver weight was locked on, and 
the tube flushed by placing it inside a larger glass tube which was 
alternately evacuated and filled with H.P. dry nitrogen twenty times. 
The cap was twisted into place and wired on under a flowing nitrogen 
hood. The closed tube was then replaced in the larger glass tube and 
again subjected to treatment with alternate vacuum and nitrogen. The 
:tube was quickly passed through a static-removing ring (Section D, part 
1) and suspended in its correct position in the magnet gap (see below) 
inside either a draught tube or the low-temperature cryostat, which had 
been thorough~ flushed with H.P. dry nitrogen. It was allowed to 
hang in the nitrogen stream at least 30 minutes before measurements 
were made. The nitrogen flow rate was then reduced and maintained 
throughout each run. .A. reducing valve was manually adjusted to keep a 
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sufficient~ constant flow, as observed in a bubble tube partially filled 
with dibutyl phthalate. 
The empty sample tube was calibrated umer all comitions at which 
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measurements were made on samples: 
(a) At room temperat•ure, measurements were made at each of four 
field strengths (H • 1.5_3, 9.9_1, 13.3, 15.0 kilogauss), with the 
sample tube suspemed in a narrow glass draught tube, and the magnet air 
gap • 2.28.5 em. Temperatures were Dasured with a mercury thermometer 
having 15-1.,0° C. range and 0. 2° graduations. Three separate measure-
ments were made at each field strength. At the lowest three field 
strengths, the weight changes ( oc.) were in all cases 0.00 ! 0.01 mg. 
At the highest field strength, the observed « •s were: -t0.02, -tO.Ol.,, 
40.03 mg.; oc(avg.) • -t0.03 :!" 0.01 mg. 
{b) At various temperatures between room and liquid nitrogen 
temperatures, measurements were ade at four other field strengths 
(H • 1.,.00 , 5.1.,0 , 7 ·6:!.' 9.le; kilogauss) with '&he tube a\Ulpended inside 
the low-temperature cryostat, in a dewar flask, and the magnet air gap 
• 4.275 em. (The cryostat, thermocouples, dewar flask, etc., are 
described below in Section D.) The ~•s observed for the four field 
strengths varied from: 
ota.oo, 40.02, -t0.06, +0.09 (!(>.01) mg. at room temperature to 
'fO.Ol, -t0.05, -tO.ll.,, +0.21 {!' 0.02) mg. at liquid nitrogen temperature. 
For each field strength, the experimental ot.ls were plotted as a function 
of temperature am the best curve through the points was drawn. All 
corrections for measurements later made at the 1.,.275 em. gap were inter-
polated from those curves. 
Small, positive ee.•s were expected because: (1) pyrex glass is 
usually slightly paramagneticl, and the design of the sample tube was 
such that the forces acting on the tube above and below the center of 
the field did not compensate for one another; (2) because of the design 
and dimensions of the magnet, it was unavoidable that the diamagnetic2,3 
silver weight hang in a position where the magnetic field and gradient 
were sufficiently large to give rise to a small force on the weight, 
pushing it out of the field; and (3) it was possible for som.e air (which 
is paramagnetic) to have entered the sample compartment of the sample 
tube during the transfer of the flushed tube to the magnetic balance, 
the removing of static charge, and the hooking and suspending of the 
tube in place. 
In several other experiments it was found that when the sample 
tube and cryostat had not both been thoroughly flushed with H.P. dry 
nitrogen, weight changes up to 0.6 and 1.0 mg.could be observed near 
liquid nitrogen temperature for the two highest field strengths. If the 
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oc•s given above for liquid nitrogen temperature (O.lh and 0.21 mg.) are 
correct, then improper flushing technique caused errors of 0.5 and 0.8 mg. 
in the observed weight changes. Use of Eqn. II-2 above and the value for the 
volume susceptibility of air at 760 mm.L, k • 2·52210- 3 , indicates that 
T 
lB. N. Figgis and J. Lewis in "Modern Co.Olldination Chemistry•, J. 
Lewis and R. G. Wilkins, Editors, Interscience Publishers, New York, 
1960, p. Ll3. 
2p. W. Selwood, "Hagnetochemistry", Second Ed., Interscience 
Publishers, New York, 1956, p. 362. 
3The diamagnetism of the silver weight was also experimentally 
verified. 
ltj. Klemm., "Magnetochemie 11 , .A.kademische Verlagsgesellschaft M.B.H., 
Leipzig, Germa~, 1936, p. L5. 
if the tube could be filled with air and hung in a nitrogen atmosphere, 
the air should give rise to weight changes of 0.8 and 1.3 mg. at those 
field strengths. Therefore, the values obtained waen improper flushing 
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was used correspond to a situation in Which at least half of the nitrogen 
in the sample tube had been replaced by ~paramagnetic) air. Since the 
apparent densities for all ground and packed compounds measured in this 
work were ~-69% of the crystal densities, the errors observed for the 
improperly-flushed empty tube are larger than the maximum possible error 
(from that source) for filled tubes at those conditions of temperature 
am field strength. The substance with the lowest volume susceptibility 
recorded gave rise to weight changes of 61 and 87 ~~g. at corresponding 
condi tiona. Thus the maximun error which can be introduced by improper 
flushing of the sample tube {or even by not flushing it at all) is 1% 
in arry particular determination. The high degree of reproducibility of 
aw' s in many separate determinations on both packed and empty sample 
tubes indicates, however, that slight variations in air content of 
packed tubes gives rise to very much lower uncertainties in the suscepti-
bilities. 
3. Method of Packing: In careful modern determination of 
susceptibilities of powders b,y the Go~ method, non-uniformity of packing 
of each sample is the source of errorl which imposes the largest errors 
on the final results. Cautthou workers frequently quote ! 1% as the 
practical general limit of Go1J1"-method accuracy2 for that reason; a few 
lsee above-given list of sources of errors, Section A. 
2p. W. Selwood, "Magnetochemistryn, Second Ed. , Inter science 
Publishers, New York, 1956, p. 5. 
less cautious workers occasionally claim much higher accuracies because 
of good reprOducibility of overall packed sample density, coupled with 
good precision of magnetic results. 
As shown above, the force measured in the Gou;y method is the 
integrated force upon a sample which spans a field gradient. The force 
increments for adjacent volume elements, dv, are not equal, so that the 
overall average packing density cannot in general be substituted for the 
actual packing density of each volume element. Indeed, reproducibility 
of overall packing density for different packings of the same material 
does not necessariq imply homogeneity of the packing, am may be 
accompanied by low precision of magnetic results, particularly when 
sample tubes of insufficiently uniform bore are used. However, even 
coincidence of reproducible overall packing with reproducible magnetic 
results may not be a reliable indication of the accuracy of experimental 
results, as shown below. 
Packing methods usually fall into two categories: those which 
produce low density packing (usua.l.l.y involving some stamardized method 
of tapping the tube after addition of each increment of sample), am 
those which produce high density packing (usually involving a 
standardized technique of ramming increments of sample into the tube). 
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The former method frequentq produces deceptively reproducible 
overall densities while actually giving rise to a density gradient which 
changes fairly smoothly over the sample length. Since the reference salts 
and the salts UDder investigation may pack with quite different density 
gradients (depending on particle size and shape, uniformity of particles, 
density, surface effects, etc.), errors may exist even when precision 
appears high. While the actual magnitude of the error arising from this 
source depends on the magnitlde of the· density gradient and on the 
geometry of the apparatus (particularly on the length of the sample, and 
on the location of the HdH/dx maximum relative to the sample length), b,y 
assuming reasonable val\Jes for the experimental quantities, it is easy 
to expose the possibility of otherwise hidden errors of 1 or 2%, which 
increase rapidly as the sample is made increasingly long. 
High density packings (secom method above) usually involve shorter 
range fluctuations in packing density of the order of several percent, 
sometimes superimposed on the type of smooth gradient described above. 
The fluctuations vary from packing to packing and would not be expected 
to lead to a misleadiJlt order of precision in magaatic results. 
In neither category of packing methods can the possibility of 
preferential orientation of crystal fragments be entirely eliminated. 
In this work, a method of packing sample tubes was devised which, 
it is established, ensures a degree of uniformity of packir:g which is 
adequate for the pllrpose of Gou;y measurements. Any sizeable non-uni-
formities occur over very small increments of sample length, for ~ of 
which the change in HdH/dx is small. 
Various techniques for both types of packing were tried. Best 
results were obtained by using the edge of an electric hand-sander-
polisher (Sears, Roebuck 8.lld Co., Model 110-27131} as a high-speed 
variable-amplitude vibrator, the Vibration being transmitted to the 
sample through a packing rod. Each portion of lightly-ground sample, 
sufficient to .make a 0.8 - 1.0 11111. layer, was admitted to the sample 
tube through a funnel made from 3 mm. pyrex tubing. The bottom of the 
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furmel delivered the sample portion to the locality where it would be 
packed w:i. thin the sample tube. Several graduations near the bottom of 
the funnel aided in estimating the size of portions required to obtain 
uniform layers of different compounds. After addition of each portion, 
the funnel was withdrawn and replaced by the packing rod. The latter 
consisted of an 8" length of aluminwn rod which had been coated with 
teflon (American Durafilm Co., Newton Lover Falls, Mass.) to prevent 
chemical contt.adnation of the sample. The packing rod was fitted with 
a replaceable cylirrlrical packing tip of "Kel-F 11 plastic, 3 mm.. in 
diameter am 1/h" long. The sample t\'lbe was held vertically so that 
the upper erxi of the packing rod was pressed gently against the vibrating 
surface for 15 seconds. The surface was a halved rubber stopper which 
was bolted to the bottom of the sander and which protruded beyond the 
side edge. The sander, on its side with the rubber stopper on the 
bot tom side, was clamped to a rod which was pi voted in the center and 
counterbalanced on its opposite em. Thus the weight of the sander 
exerted no force on the packing rod. The packing rod remained vertical 
at all times. The packing rod protruded through a circle of filter 
p~er over the mouth of the sample tube. The paper kept out dust. 
J.t intervals ranging from about h 11m. in the sensitive part of 
the tube up to about 10 lDJI1. near the top of the tube, the average 
packing density of each portion (comprising several layers) was ex-
perimental.ly determined. This was done by gently leveling the top of 
the sample with a glass leveling rod (ground to a flat perpendicular 
end) , suspending the sample tube, measuring the length of the sample 
with a cathetometer, and weighing the amount of sample packed. It was 
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found that, after some practice, packizlgs could be achieved wherein the 
packing density of individual (14-lOmm.) portions rarely differed by more 
than 1% from the overall average packing density. 
In separate experiments, the percentage contribution of each 
portion of a uniformly-packed sample to the total force observed in the 
magnetic field vas determined for both of the magnet air gaps used in 
measuring magnetic susceptibilities. 'l'he sample tube vas packed with 
a groum homogeneous sample of '5 [CoOhW12036l • nH20, in the manner 
described above, but in addition to the determinations of the average 
packing density, each time a portion of compound vas packed the weight 
change at two different field strengths was measured at room temperature, 
with the magnet air gap at 2.285 em. '!'he entire procedure was repeated 
with the magnet gap at h.275 em. 
The weight changes (~w1 a) recorded for each portion of sample, 
at the Wider gap am lower field strength, are shown as line 11A" in 
Fig. II-1. The incrementa of weight change for each sample increment 
are shown as line "B11 in the same figure. The graphs tor the higher 
field streDgth at the same gap differ only by constant factors. For the 
a ( t::. w)/ t::. L vs. L curves, the maxima occur at the same value of L. 'l'he 
graphs for the narrower magnet gap are similar but show a different 
dH 
curvature, corresponding to the different HQi at that gap. The data 
for the wider gap were used to construct a table of percentage 
contribution to 6 w tor each increment of sample, and the table was 
used to evaluate an "effective overall packing density" for each packing 
of every sample. This was a weighted average calculated by weighting 
the density of each increment in accordance with its percentage 
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Cu:rv:e As 
Curve B: 
Figure II-1 
Effect of Sample Length on A w 
{Magnet I!r Gap • L. 27 5 em.) 
AW versus L, :tor uniformly packed 
Ordinate: 6-W in Dig. 
Abscissar L in em. 
A( A w)/ b L versus L, for the same experiments. 
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contribution to ~w. The effective weight of sample, computed from the 
"effective overall packing density•, usually differed from the actual 
weight by less than 0.5%. This is a new calculational technique which 
increases the accuracy of Go~ measurements. 
C. 'Jhe Magnetic Balance 
Refer to illustrations, Fig. ll-2. 
1. Construction: The magnetic field is supplied by a ~" 
electromagnet {Varian Associates, Palo Alto, Calif'., Model V-LOO~) with 
matching power supply (Model V-2300) am current regulator {Model 
V-2301). The manufacturer claims that when these parts are used in 
combination the maximum ripple of the magnetic field is 1 part in wL, 
and the regulation of' output current, from 0.1 to ~.0 d.c. amps., is 
1 part in 103 for a line voltage change of' up to 10%. Because normal 
variation in the laboratory power line exceeds 10%, a separate power 
line is used. An auxiliary current-measuring system has also been 
added, as described at the erxi of this part. 
Pole caps tapered to an air gap di811eter of 211 are used. File 
marks, made on the rotating "dl"lDls" {i.e., nuts with~· diameter 
threads) which control the adjustment of the air gap between on am 
~.3", allow the pole pieces to be reproducibly set at either of two 
predetermined gaps, 2. 28.5 em. and L. 215 em. 
Whenever the magnet is operated, cooling water is circulated 
through the magnet cooling system, after first passing through a Fultlo 
BR-L filter (Commercial Filters Corp., Melrose, Mass.). The cooling 
system is embedded in the magnet~-• electric coils. The internal 
36 
37 
Figure II-2 
PhotographS o.f' the Go& Magnetic Balance. 
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temperature is monitored by means of a copper-constantan thermocouple 
buried in each coil. The thermocouples are connected, through a 
3-position switch, to a Simplytrol microammeter, directly calibrated 
in Centigrade and Fahrenheit degrees (Assembly Products, Inc., 
Chesterland, Ohio). The internal temperature has never been observed 
to exceed lOOOf. when water cooling is used. It has been separately 
demonstrated that a change of internal temperature from 500r. to 1000r. 
has no detectable effect on the experimental results. 
The magnet is secured to a double-thickness of 3/b" plywood, 
28" x 28", which forms the floor of the balance table. The table top 
is alma double layer of 3/b• plywood, laid over a 1/~• sheet of soft 
iron. The legs, of •two-inch11 (nominal pipe size) iron pipe, are 
39 
bolted to both top and floor. Between the two rear legs and directly 
behind the magnet air gap, a backboard supports a mirror which is used 
in vertically positioning the sample tube in the gap. A case, made of 
1/2" plywood with counterweighted plexiglas wimow, encloses the table 
top, protecting the Mettler balance f'rom dust and providing a dead-
space to reduce temperature changes which otherwise cause some drift in 
the zero-reading of the balance. 
A specially adapted constant-load semi-micro single pan balance 
(Mettk Instrument Corp., Hightstown, N.J., Model B-6-GD) rests on the 
table top with its weighing pan direct~ above the magnet gap. A 2" 
hole in the table top accommodates the yoke used for below-the-pan 
weighing as well as the chain from which the samp:J_e tube is suspemed. 
A piece of po~ethane :t'oaJa umer the balance prevents air-cUITents 
from disturbing the pan and suspension when the balance-case window 
is open. 
The sample tube is suspemed from the yoke below the balance pan 
by two lengths of delicate sterling silver chain (ordinary jewelers• 
supply). The upper length of chain, containing a differential 
micrometer screw for fine adjustments of sample tube position, terminates 
in a silver hook which can engage a.ny link of the lower chain, providing 
a less fine adjustment. The chain has 7 links per em. Inserted into the 
lower chain, a few inches from the terminal silver hook, is a 1" length 
of 3 mm. "Kel-F" plastic rod, to reduce heat conduction down the chain. 
The chain was shown to be diamagnetic. Its temperature coefficient of 
expansion is small. 
Draught protection for the tube and chain is provided in two parts. 
The upper part of the suspension chain is protected by a draught tube 
which is part of the balance table. The upper end of a 5" x 18" board is 
attached directly to the underside of the magnet table, just behind 
the 2" hole, while the lower end is supported by a frame of 1/2• copper 
pipe attached to the rear table legs. A ~n i.d. enameled cardboard tube, 
with 1/~• valls, was modified by removal of a longitudinal segment 
comprising approximately 1/3 of its circumference. The remaining segment 
is attached on one of its cut edges to a wooden spine and hinged 
directly to the vertical edge of the backboard. The two long edges of 
the cardboard segment are lined with felt; a hook attached to the un-
hinged side allows the segment to be fastened closed against the back-
board. 
The sample tube ani lower part of the suspension chain are shielded 
either by a glass draught tube for room temperature measurements at 
higher field strengths, or by a dewar flask containing the low-
temperature cryostat for low temperature measurements at smaller field 
strengths. The support for either {dewar or draught tube) is a shelf 
of 1/8" aluminum sheet, attached directly to the table legs a few 
inches above the magnet, and additionally supported near the center by 
three 1/L" brass rods screwed directly into the iron sheet which is the 
lower lqer of the table-top. To allow easy insertion and removal of 
the dewar (or draught tube), a 5 1/211-wide U-shaped section has been 
removed from the aluminum sheet, extending from the center of the front 
edge to a point above and about 2 3/L" behind the center of the magnet 
gap. A separate 6" x 1 1/211 rectangle of aluminum sheet, with a 
slightly smaller U-shaped hole than that in the shelf, can be exactly 
centered above the gap and then screwed down to the shelf through two 
large holes covered with slip washers. Three centering-points in the 
movable aluminum rectangle make it possible to reproduce the position 
of the dewar or draught tube in the gap. 
The room temperature draught tube is a straight length of 22 mm. 
pyrex tubing, with a 3 nm. nitrogen inlet sealed into its lower end. 
The tube is inserted through a hole in a special brass plate, and a 
wide glass lip on the tube's upper end rests around a rubber ring which 
is cemented to the plate. Three brass screws, threaded through nuts 
soldered to the lower side of the plate, engage the three centering-
points in the aluminum rectangle, and allow the tilt of the brass plate 
to be adjuated until the draught tube is exactly vertical. An 8" 
length of 1" aluminum pipe slip-fits over the upper end of the pyrex 
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tube, 8JJd extends up into the enaaeled cardboard draught-t:ube, completing 
the draught protection. 
The dewar for low-temperature studies, which will be described 
along with the low-temperatwe cryostat in Section ~ below, is 
supported by means of a 3/~"-wide brass collar which nearly encircles 
the dewar. A nut and bolt through tabs at each end of the collar 
allow the latter to be tightened sutficiently, over a strip of 1/16" 
sponge rubber, to support the weight of both dewar am cryostat 
(over 15 lbs.). 
Because it was found that the .IIULgnet current cannot be re-
producibly reset using the ammeter supplied by the manufacturer with 
the power supply, an auxiliary potentiometer circuit has been intro-
duced. A 0.2 ohm 25-watt resistor (Dale Products, Im., ColUIIlbus, 
Neb., No. 933, R-25, 1%) wit.h a very low temperature coefficient of 
resistivity (2x10-5f0o.) was mounted on a side wall inside the power 
supply, and introduced in series into the d.c. circuit. Leads from the 
ems of the resistor were connected, through a double-pole double 
throw switch, to the same potentiometer circuit used to measure thermo-
couple potentials. The circuit included a type K-2 potentiometer (Leeds 
-
am Northrup Co., Philadelphia, Penm., Model No. 7552), a high-
sensitivity galvanometer (Rubicon Co., Philadelphia, Penna., Model 
3~lll, ~83 ohms internal resistance, seBSitivity • 0.0015 pa./l1If1.), and 
an Eppley 7308 standard cell. A floor model electric fan placed near 
the resistor kept the ambient temperature from rising significantly and 
kept the drift of potential quite low. The potentiometer circuit was 
used by slowly increasing the magnet current until the potential drop 
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across the resistor reached a predetermined value. 
The cryostat and dewar will be described separately below. 
2. Calibration. a. Field Setting: Because of hysteresis effects, 
in order to reproduce a particular magnetic field it is necessary not 
only to reproduce the magnet current, but also to achieve the desired 
current in a reproducible way. A procedure for doing this was developed, 
am always followed exactly. Starting with zero magnetic field am with 
the power supply am current regulator circuits thoroughly warmed-up, 
the current was switched on and the two coarse-control knobs turned in 
a specified order to particular positions. The fine control knobs were 
then slowly and simultaneously rotated ao as to maintain the current 
always in the "control range" of the current regulator, until the pre-
determined value of potential drop across the accurate current-measuring 
resistor was attained without overshoot. The current was never de-
creased except to bring the field to zero. When a desired current was 
accidentally exceeded, the field was returned to zero and the procedure 
started over again. 
To return the field to zero after the magnetic field had been 
excited, the coarse control switches were turned down in the reverse 
of the order referred to above, the fine control knobs were slowly 
rotated down until no current flowed, and then the main switch was 
turned off. The remanent field varied when the above procedure was 
followed, and was about 160 gauss at the narrower gap and about 80 gauss 
at the wider gap. When no further steps were taken to reduce the re-
manent field before using the magnet again, the reproducibility of field 
strengths was somewhat lower than otherwise. By briefly passing a small 
current (approximate~ 0.35 amp. at the narrow gap or o.~ amp. at the 
wider gap, as measured on the power supp~ 8111111eter) through the magnet in 
the opposite direction, it was possible to decrease the remanent field to 
o~ a few gauss. A.n easy test for remanent field could be made by ob-
serving the period of an ordinary compass when it was moved into the air 
gap. 
b. Field MapPing: Magnetic field am field gradient measurements 
were made with a Rawson-Lush Rotating Coil Gaussmeter (Rawson Electrical 
Instrument Co., Model 720), employing a 1/~ 11 probe. Absolute accuracy 
of the instrument was guaranteed to be within 1% of full scale. In 
addition, any errors caused by inaccur.ate positioning of the probe in 
the field also contribute to the overall error in measuring the absolute 
magnitudes of the fields. The 8lROOthness of the curves show that they 
are not subject to the kinds of errors which would invalidate them for 
the purposes for which they were used (estimation of extent of region of 
homogeneous field). A cathetometer was used to measure distances between 
the center of the probe and the center of the field. 
Measurements of magnetic field strength were made for a range of 
magnet currents at both the wide am the narrow air gaps, with two sets 
of pole caps: the aforementioned pair which tapered to a diameter of 2 11 
at the air gap, and a second pair which tapered to a diameter of 1 11 at 
the air gap. The results are plotted in Fig. II-3. The fact that, at 
the wider gap, the attainable field strengths are higher with the 211 
pole caps {possibly attributable to differences in the permeabilities of 
Figure II-3 
Dependence of Magnetic Field Strength on Magnet Current. 
(Measurements made at center of the air gap.) 
Ordinate: H in gauss. 
Abscissa: Magnet Current (i) in amperes. 
Curve A: H versus i for 1" pole caps, 4.20 em. air gap. 
Curve B: H versus i for 2• pole caps, 4.20 em. air gap. 
Curve Cs H versus i for 2" pole caps, 2.26 Clll. air gap. 
Curve D: H versus i for 1" pole caps, 2.26 em. air gap. 
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the two sets of pole caps) recommends use of the 2" caps for susceptibility 
measurements. When the 2" pole caps are used, the region of homogeneous 
field is much wider than when the 1• caps are used. This provides a .more 
important additional reason for choice of the 2" caps for the measure-
ments described herein. 
Field measurements were also made at three currents, for both 
pairs of pole caps and both air gaps, as a function of vertical distance 
through the center of the magnet air gap. The data are plotted in 
Figs. II-4, ll-5, II-6, and II-7. In order to show the results for all 
three magnet currents at which each set or measurements was made, the 
ordinates in Figs. II-4 to II-7 are plotted in terms of percent of 
ma.xiaum field strength, rather than in terms of actual field strengths. 
It is clear from Figs. II-4 and ll-5, for the 2" pole caps, that: 
{1) at either gap, the center of the field is uniform for a sufficient 
range of height to m.ake it possible reproducibly to place one em of the 
sample in a reproducible homogeneous high field. (The same was not true 
for the field between the 1" pole caps (see Figs. II-6 and II-7), even at 
the smaller gap.); (2) when the 2" caps are used the field falls off 
sufficiently slowly for long samples to be required (vide infra); and 
(3) the height of the effective center of the field changes slightly on 
going from one gap to the other. 
For all experiments described below, the 2" caps were used. 
c. Length of Sample: It has already been suggested that the 
geometry of the magnetic balance requires that long samples be packed. 
This can be seen most clearly by considering Fig. II-1, above. In 
Figure II-h 
Vertical Gradient of MAgnetic Field Strength 
for 2" Pole Caps and h.20 em. Air Gap. 
Ordinate: Percentage of maximum field strength. 
Abscissa: Cathetometer readings of vertical position of 
gaussmetar probe, in em. 
• • Points for which aagnet current was o. 75 amp. 
(i.e., potential drop across current-measuring 
resistor was 0.1500 v.) 
• • Points for which magnet current was 1.50 amps. 
{i.e., potemial drop across current-measuring 
resistor was 0.3000 v.) 
• • Points for which magnet current was 3.00 amps. 
{i.e., potential drop across current-measuring 
resistor was 0.60oo v.) 
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Figure II-5 
Vertical Gradient of Magnetic Field Strength 
for 2" Pole Caps and 2.26 em. Air Gap. 
Ordinate 1 Percentage of ma.ximum. field strength. 
Abscissa: Cathetometer readings of vertical position 
of gaussmeter probe, in em. 
• • Points for which magnet current was 0. 75 amp. 
(i.e., potential drop across current-measuring 
resistor was 0.1500 v.) 
• • Points for which magnet current was 1.80 aaps. 
(i.e., potential drop across current-measuring 
resistor was 0.360o v.) 
• • Points for which magnet current was 2.50 amps. 
(i.e., potential drop across current-measuring 
resistor was 0.$000 v.) 
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Figure II-6 
Vertical Gradient of Magnetic Field Strength 
for 1° Pole Caps and h.20 em. Air Gap. 
Ordinate: Percentage of maJdm.um field strength. 
Abscissa: Cathetometer readings of vertical position of 
gaussmeter probe, in em. 
• • Points tor which magnet current was 0.60 amp. 
(i.e., poteDiiial drop across current-measuring 
resistor was 0.1200 v.) 
• • Points for which magnet current was 1.50 amps. 
(i.e., potential drop across current-measuring 
resistor was 0.3000 v.) 
• • Points for which magnet current was 2.50 amps. 
(i.e., potential drop across current-measuring 
resistor was 0.5000 v.) 
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Figure II-7 
Vertical Gradient of Magnetic Field Strength 
for 1" Pole Caps and 2.26 em. Air Gap. 
Ordinate: Percentage of maximum field strength. 
Abscissa: Cathetometer readings of vertical position of 
gaussmeter probe, in em. 
• • Points for which magnet current was o. 75 amp. 
(i.e., potent;ial drop across current-measuring 
resistor was 0.1500 v.) 
• • Points tor which magnet current was 1.50 amps. 
(i.e., potential drop across current-measuring 
resistor was 0.3000 v.) 
• • Points for which magnet current was 2.50 amps. 
(i.e., potent;ial drop across current-lll8asl1ring 
resistor was 0.5000 v.) 
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order (1) to maximize the observed weight change for each packing, and 
{2) to remove the dependence of the weight change on the position of 
the upper em of the sample tube in the field gradient, the sampae was 
packed to 611 above the aeptwn in every case. 
$6 
d. Position of Sample in the Field& The optilllum position of the 
sample tube in the field was experiaentally determined at both gaps umer 
normal experimental conditions: constant flow of nitrogen, silver weight 
on the sample tube, draught tube at the narrower gap or dewar-and-
cryostat at the wider gap, etc. For both gaps, with the magnet running 
at a constant current, a sample tube, uniformly packed with 
Ks[CoOqWl20)6] • Jii2o and weighed outside the magnetic field, was 8Ullpem-
ed with its septum below the center of the field and its weight was 
recorded. The sample tube was raised by steps of one chain-link. After 
each raise it was allowed to becOJile motionless and then weighed in the 
field. The results were checked b7 lowering and raising the packed tube 
several times and recording the weights in the field. 
After measurements had been JUde at both gaps with the full sample 
tube, the tube was thoroughly cleaned and fluahed (vide supra, Section B, 
part 2) with H.P. dr7 nitrogen, and the entire procedure was repeated 
with the empty sample tube and silver weight. Typical results are shown 
in Fig. II-8, in teru of deviations from the ma.xi.Jium weights recorded. 
The vertical line in the figure indicates the position of the horizontal 
line connecting the geometrical centers of the pole cap faces, and the 
units on either side represent numbers of chain links by which the sample 
tube was raised or lowered (7 links • 1 em.) from the position where the 
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Figure II-8 
Effect of Vertical Displacement of the S&mple Tube on 6W. 
The reference point for measurement of height of the 
sample tube was the top of the septUDl (bottoa of the sample). The 
sample was uniformly packed, N2-flushed K5[coObw12o36J ·nH2o. All 
me&Jrurements were carried out in a nitrogen atmosphere. Field 
strength • 15.0 kgauss. !'or J181ntt gap of 2.285 Clll., and field 
strength • 9.10 kgausafor magnet gap of b.275 em. 
Ord iDa.te: Deviation from maximum observed a w, in mg. 
Abscissa: No. of chain links by which height o!' the reference 
point was displaced .from the level of the geometrical 
center of the pole caps. 
Curve A: For magnet gap • 2.285 em., data corrected for 
empty tube. 
Curve B: For magnet gap • 2.285 em., data uncorrected for 
empty tube. 
Curve C: For magnet gap • b.215 em., data corrected for 
empty tube. 
Curve D: For magnet gap • b. 27 5 em., data uncorrected for 
empty tube. 
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top of the septum (bottom of the sample) was juat at the level of the 
geometrical centers of the pole caps. Lines 11A11 and 'C" represent re-
sults corrected for the contribution of the empty sample tube at the 
corresponding position in the field; lines 11B11 and "D 11 represent un-
corrected results. Curves on the upper hal:t of the figure ("A" and 0 B11 ) 
pertain to measurements at the narrower gap, involving maximum weight 
changes of about 93 mg.; curves on the lower hal:t of the figure 
{ 110" and "D") pertain to measurements at the wider gap, inTolving maximUlll 
weight changes of about 3L mg. 
The best position for the sample tube in the wider gap is seen to 
be that in which the top of the septum is the equiTalent of 3 chain-
links higher than the centers of the pole caps. Also, as anticipated 
from the measurements of the field gradient (Section C, part 2-b of this 
chapter), the best position in the narrower gap is one in which the top 
of the septum is L chain links higher than the centers of the pole caps. 
These results were independently" verified by similar experiments 
on a uniformly peok.ed sample of CUSOL • 5H2o. 
or significance also are the results obtained with several non-
uniformly packed samples of CUSOL • 5H20, which exhibited their maximum 
weight changes at various positions in the field. In one instance, the 
difference between the maximum weight change and the weight change when 
the tllbe was hanging in what was the "best posi tion11 for a uniformly 
packed tube (as found above) corresponded to 1% of the total weight 
change; the average difference was about O.$% o:t the total weight 
change. This emphasizes another aspect of the importance of the uniform 
packing technique. 
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After the best position for the sample tube had been ascertained, 
a mirror, placed on a backboard directly behind the :ugnet air gap, was 
used to reproduce the position. The mirror, cemented to a piece of 1/L• 
plate glass having a horizontal thi~line scratch on its outer surface, 
was carefully placed so that the scratch and its image were exactly at 
the level at which the middle of the sept'UIIl should be when the sample 
tube was correctly hung. Correct vertical positioning of the tube 
could be reproduced by bringing the septum into alignment with the 
horizontal line and its mirror reflection. 
e. Gap Setting: The gap could be reproducibly set at either 
of the two desired widths. To avoid 8.lJY effect of backlash in the 
large adjustment nuts, the gap was always set by withdrawing the pole 
pieces to a much larger gap than desired, and rotating the handknobs 
to decrease the gap smoothly and without overshoot. Reproducibility 
was tested by caliper measurements of the gap both before and after 
the magnet current had been excited. A more rigorous test, which 
involved also the reproducibility of the field-reset and the field-
zeroing techniques, was performed by withdrawing and resetting the pole 
pieces several times, am each time turning on the magnet and measuring 
the effect of the magnet current on an otherwise undisturbed sample. 
Weight changes were consistently reproduced to within a few hundredths 
of a milligram. 
f. Weighing: In most respects, the Mettler balance is ideally 
suited as a component of a GOlJ1' bal.a.me, particularly for work at low 
temperatures, where it is advantageous to make weighings quickly. This 
model of Mettler balance has two UDdesirable features for this type of 
work, however, which can lead to inaccuracies unless proper procedures 
are used to obviate them. 
The first arises in connection with the constant load-constant 
sensitivity feature of the balance. The weights for which the sample 
is substituted are arrqed in two approximately equal banks above, am 
on either side of, the weighing pan. The exact position in which the 
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pan hangs depen:is greatly on the arrangement of the weights remaining 
after the sample has been placed on the pan am an equivalent amount of 
weight has been removed from the banks. A change from 39.9 g. to ho.o g., 
for example, causes a lateral displacement of the pan and sample by 
several millimeters. The small clearance aroum the sample tube am 
silver weight when they are suspen:ied in the cryostat make it impossible 
to tolerate such a displacement. 
The second and lesser disadvantage is that the optical system for 
measuring the last two significant figures of the sample weight allows 
the pan an:i sample to be vertically displaced by 1.8 mm. for a 100 mg. 
weight change • 
.A.ll weighings were therefore made with extra weights on the pan, 
to bring the total weight to h9.9 g. The weights were arranged so that 
the pan always hung in the same position. The position was adjusted for 
each packing, with the aid of a piece of graph paper taped under the 
balance table, with a 2 mm. hole through which the suspension chain 
dangled. In addition, the full optical scale was not used. Calibrated 
class S microchemical weights (Wm. Ainsworth & Sons, Inc., Denver, 
Colo.) were added or subtracted from the pan so that the total weight 
was always registered on the lower end of the optical scale. 
After the packed, nitrogen-flushed sample tube was in its correct 
position, it was allowed to hang in the nitrogen stream for at least 
30 minutes in the draught tube, or overnight in the cryostat. A flow 
of nitrogen was maintained throughout all runs. The sample tube was 
weighed first in the absence of a magnetic field, then at each of four 
increasing field strengths, and finally at zero field again. Re-
weighing& were then made at the same field strengths, as a check. For 
measurements below room temperature, the zero-field weight of the sample 
tube changed with temperature as the bouyant force changed. A clock 
was used to record the time at which each weighing was actually made. 
It was assumed that the zero-field weight change was a straight-line 
function of time, because measurements were made only when the 
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temperature was rising uniformly. The assumption was found to be valid 
when it was experimentally checked in several cases. The interpolated 
zero-field weights were subtracted from the observed weights to obtain the 
weight changes. 
g. Flow Rate of Nitrogen: A constant flow rate of Linde high-
purity dry nitrogen (Union Carbide Corp.) was maintained throughout all 
runs. The flow rate was adjusted manually with a reducing valve, and 
was observed in a bubble tube partially filled with dibutyl phthalate. 
The rate could be varied within wide limits with no detectable effect 
on the weighings, but if it became too low, water vapor condensed on 
the sample tube at low temperatures. In such a case, the consequent 
zero-field weight increase of the tube could be reasonably well estimated, 
but there was no wa:y of estimating the rise in temperature of the sample 
caused by the crystallization of ice. 
The nitrogen flow rates in these experiments were 30 - 35 ml./min. 
D. Low Temperature Cryostat 
The design of the low-temperature cryostat is a modification of 
that of a cryostat in use at the National Bureau of Standsrdsl. It 
permits measurement of samples at aey temperature between 50°C. and 
liquid nitrogen temperature. The sample tube hangs in a cylindrical 
copper tube which extends through a cylindrical metal block with large 
total heat capacity. In use, the block is cooled to a temperature below 
the desired temperature by injections of liquid nitrogen into a coiled 
tube in the block. The cryostat, contained in a dewar flaak, is then 
allowed to equilibrate. Another coiled tube in the block adjusts the 
temperature of the gaseous dry nitrogen stream, which then sweeps over 
the sample tube .from the bottom of the dewsr flask. Susceptibility 
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measurements are made when the temperature, registered by two thermocouples 
inserted through the walls of the copper central tube, begins to rise 
steadilY. Electric heaters embedded in the metal block allow the 
cryostat to be warmed for measurements at intermediate temperatures. 
Fig. II-9 is a photograph of the cryostat. 
1. Construction: The principal features of the cryostat are 
illustrated in the cross-sectional elevation, Fig. II-10, and in the 
top view, Fig. II-11. The outer walla of the block constitute a pot, 
made of ~" o.d. brass tube with 1/8" wall, 3 1/2" high. The bottom of 
the pot is a 1/8"-thick brass disc silver soldered to the ~· tube. The 
lpz.ivate communication, R. B. Johannesen, Inorganic Chemistry Section, 
National Bureau of Standards. 
Figure II-9 
Photograph of Cryostat 
central tube is made from two concentric copper tubes which have been 
pressed together: (a) the inner tube, 18• long, has been reduced from 
111/2 inch" high-comuctivity copper pipe to an i.d. of 11/1611 am an 
o.d. of 0.822 11 ,; (b) the outer tube, U,n long, has an i.d. • 0.822 11 
an:! an o.d. • 1.050". The brass pot is silver-soldered onto the 
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central copper tube along the rim formed by the pressed-on outer tube. 
Just inside the wall of the pot is the cooling coil for the dry nitrogen 
stream ("A", Figs. II-10 and II-ll), consisting of two upper turns of 
1/q" o.d. copper tube am continuing into ten turns of 3/16" o.d. copper 
tube, with its lower en:! (•B•, Figs. II-10 am II-11) sealed through 
a hole in the bottom of the pot. A straight piece of 3/32" copper tube 
("F•, Fig. II-11), through which the thermocouple leads are threaded, is 
soldered through the pot bottom near the central tube. A secom coil 
( 110", Figs. II-10 and II-11), for liquid nitrogen, consists of 2 1/2 
turns of 3/811 o.d. copper tube, woun:l in an oval as shown, with just 
sufficient room between the coil am the central tube for two 100 watt, 
115 volt, brass-jacketed cartridge-heaters (Chromalux No. 020.5), 
3 3/16• long and 3/8• in diameter ( 0 E", Fig. II-11). The total weight 
of brass an:3 copper in the cryostat (including the two heaters) is over 
.5 lbs. 
The pot has been made into a solid metal block by first filling every 
space of sufficient size with chunks and slivers of magnesium metal 
(nearly 1 lb. in all). As much magnesium as possible was used, because 
of its low density, high therul conductivity, and high heat capacity. 
The remaining spaces between the magnesium pieces am the pre-tinned 
components of the pot have been filled with nearly 6 lbs. o:C ncerrotru• 
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Figure II-10 
Design of Cryostat: 
Cross Sectional Elevation 
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Figure II-11 
Design of Cryostat: 
Top View of Arr9ement of 
Components in the Pot. 
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(Cerro de Pasco Co.), a low-melting bismuth-tin alloy with a very low 
coefficient of expansion. 
The cryostat rests on a styrofoam pad which has been shaped to fit 
the contour of the interior of the silvered dewar flask shown in Fig. 
II-12 (Ryan, Velluto and Anderson, Glassblowers, Cambridge, Mass.). 
The space in the dewar above the cryostat is filled with 2 1/2" of 
styrofoa lagging, in a 1/2° layer arxl a close-fitting 2" layer. Con-
nections to all copper tubes embedded in the pot have been made wi1h 
rubber tubing which extends through holes in the styrofoam. lagging arxl 
in the 1/8• plexiglas cover: 
{a) The liquid nitrogen inlet (ncn, Figs. II-10 am II-11) is 
extended by 3/16• wall rubber tubini to the outside of the dewar where 
connection can be made to a braided copper delivery tube fitted onto 
a 110-liter liquid nitrogen tank. The entire connection between tank· 
and dewar is wrapped with insulating material and aluminum foil to de-
crease ice formation. 
{b) The liquid nitrogen outlet ( "D n, Fig. II-11} is extended to 
the outside of the dewar by 3/16• wall rubber tubing, and attached to 
a length of rubber tubing which feeds into an exhaust vent. 
{c) Short lengths of rubber tubing have been slipped over the 
asbestos-wrapped leads of the heaters ( "D", Fig. II-10; 11E11 , Fig. II-11), 
and sealed at both ends with fiberglass filler. The rubber tubing is 
easily pulled through and sealed to "the plexiglas lid. The heaters are 
wired, in parallel, to a Hubbell twist-lock plug which can be co:rmected 
to the a. c. outlet through a Variac variable transformer. 
{d) The junctions of two copper-constantan thermocouples, made 
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Figure II-12 
Design of Dewar for C~ostat. 
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from N.B.S.-calibrated thermocouple wire, have been inserted through holes 
in the wall of the central tube of the cryostat at points L 1/2 11 and 10 1/2" 
below the bottom of the pot. (When the cryostat-and-dewar are in place in 
the magnet gap, the thermocouples are at points L11 above and 2" below the 
geometrical center of the pole caps.} Only the polished tips of the 
thermocouple junctions protrude into the central space. They have been 
sealed into place with Fonvar insulating coating (General Electric Co.) 
which was baked for several days UDder an infra-red lamp, and have been 
tested to show that they are electrically insulated from the copper wall. 
The therJlOcouple leads have been threaded through the 8111all tube in the 
cryostat pot ( "F 11 , Fig. II-11) with a second layer of insulation at either 
end of the tube to prevent mechanical damage. 
(e) The inlet {11A. 11 , Figs. n-10 and II-11) for the dry nitrogen 
stream (Lirde High-Purity dry nitrogen) is connected by rubber suction 
tubing to a bubbler which shows the flow rate, and to a 6 1/2" copper 
coil (10 turns of l/L11 tube) which is imllersed in a small dewar flask of 
liquid nitrogen to trap traces of moisture. A safety-tube has also been 
included to prevent the build-up of excess pressure. 
(f) Draught protection for the sample tube suspension chain is 
completed by" a 10"-long paper cylinder, inserted through a hole in the 
plexiglas lid and the styrofoam lagging. The lover erd of the paper 
tube does not directly touch the cryostat but slips over a silicone 
rubber 0-ring which eDCircles the small protrusion of the central 
copper tube. 
All rubber tubing extensions have been sealed into the plexiglas 
lid with several layers of rubber cement. The junction or the paper 
cylin:ier and the lid has been packed with Caulk-Cord {Sears, Roebuck and 
Co.) and then sealed with rubber cement. The lid is held onto the dewar 
by a 2 1/2• wide circle of rubber band tubing (10 1/2• circumference, 
Hodgman Rubber Co., Framingham, Mass.) which is rubber-cemented onto the 
plexiglas lid and tightly grips the lip on the cryostat. 
7~ 
'When the cryostat was used without special precautions to eliminate 
static charge, highly erratic we~ghings resulted. The following measures 
proved completely effective solutions to the problem: 
(1) The inside of the dewar flask was silvered to within !," of the top. 
{2) The styrofoam pad on which the cryostat rests was sprayed with a 
dispersion of graphite in a volatile solvent, which reduced the surface 
resistance to tbe range of 10!, ohms/inch. 
(3) The cryostat was grounded to a water pipe by means of a 32 gauge 
copper wire soldered to the wall of the pot. 
(!,) A ring, made of three loops of ornamental "tinsel garland" was 
groumed to a water pipe by a fine copper wire. Just before the 
careful.:cy wiped, nitrogen-flushed sample tube was suspended from 
the balance, it was careful.ly passed through the ring with a twist-
ing motion so that the tinsel brushed over all of its surface. 
In addition, a small pad of matted copper wire was placed in the 
bottom of the dewar for protection in cue the sample tube should fall 
accidental..ly. 
2. Calibration: a. Thermocouplesa The thermocouples were made 
from thermocouple wire which had been calibrated between 100° and -1960C. 
by the National Bllreau of Standards. The room temperature calibration 
was checked by comparison with a Cenoo 15°-~o<>c. thermometer (0.2° 
graduations) lowered into the sample tube space of the cryostat. When 
the cryostat was at J7°C. , the thermocouple and thermometer readings 
agreed to within O.l°C. 
No direct check of the liquid nitrogen calibration was made before 
fixing the thermocouples in the cryostat. A third thermocouple, made 
from the same wire, was iDJmersed in a dewar flask full of freshly-
delivered liquid nitrogen. The potential measured, -5553. 6 microvolts, 
corresponded to a calibration temperature of -195.3°C. The boiling 
point of pure liquid nitrogen at the ambient pressure, 762.0 mm. Hg, 
is -195.8°c.l. As shown below, a different kind of correction is 
required for measurements at low temperatures, because the difference 
between the temperature of the sample and the temperature registered 
by the thermocouples in the cryostat wall becomes a significant 
percentage of the actual temperature. 
b. Temperature of the Sample: The relationship between the tem-
perature of a sample and the temperatures indicated by the two thermo-
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couples in the cryostat was experimentally measured, over the temperature 
range of the susceptibility studies. 
A. dummy pyrex sample tube was made, similar in design and 
dimensions to the tube used for measurEDents but with an open top am 
glass ears for suspension and without a metal weight fitted onto its 
lower end. A third thermocouple, made of the same N.B.S.-calibrated 
thermocouple wire, was slipped into the sample chamber with its 
junction approximately 1a above the septum. Lightly-ground KCl was 
loosely packed around the ther.ocouple until the sample compartment was 
JM.c. Sneed and R.C, Brasted, nco.mprehensive Inorganic ChemistryH, 
Vol. V, D. Van Nostrand Co., Inc., Princeton, N.J., 1956, p. 11. 
full. The tube was hung in the cryostat with its septum in roughly the 
same position as that of a measuring sample tube, and the reference 
junction of the thermocouple was immersed in the same ice bath as the 
reference junction of the cryostat thermocouples. Propeller-shaped 
spacers, made of sheet cellulose acetate, were placed around the tube 
near both e:rxls, in order to prevent the tube from touching the inner 
wall of the cryostat. 
For 18 different temperature ranges between room and liquid 
nitrogen temperatures, the potentials of all three thermocouples were 
traced during the cooling-equilibration-warming sequence. An average 
of 5 minutes was required to standardize the potentiometer circuit, 
and to observe a:rx1 record the potentials of all three thermocouples. In 
early runs, 11 to 12 points per hour were recorded for each thermo-
couple; in later runs, fewer points were required. Fig. II-13 shows 
plots of some of those data. For each temperature range, the measure-
ments for the three thermocouples are superimposed for easier comparison. 
The following points emerged from consideration of these experi-
ments: (1) The steady warming of the sample can be assumed to begin 
about 10 minutes after the temperatures of the two cryostat wall ther-
mocouples cross. (The upper thermocouple registers lower temperatures 
during cooling, higher temperatures during warm-up.) (2) At liquid ni-
trogen temperature, as long as liquid nitrogen runs continuously (though 
slowly) through the cryostat, the temperature of the sample tube is 0.0° 
to 0.1° below that of the lower thermocouple. (3) After warming has 
become steady, the temperature of the sample is alw~s below that of the 
lower thermocouple, by an amount which is practically comtant for a given 
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Figure II-13 
Rates of Changes of Temperatures within the Cryostat, 
far Several Temperature Ranges. 
Ordinates Temperature (°C .) as i:rxiicated directly by 
N.B.S. calibration of thermocouple wire. 
Abscissa: Time in hours. 
• • Points for lower thermocouple in cryostat wall. 
x • Points for upper ther1110couple in cryostat wall. 
• • Points for thermocouple in KCl in dummy sample tube. 
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temperature range. Discussion of the way in which the difference at each 
temperature has been estimated will be found in Section E of this chapter, 
in which the calibration of the Gouy balance with the reference salt is 
described. Fig. II-15 in that section shows, for a variety of conditions, 
the differences between the observed cryostat wall temperatures and the 
temperatures at which the reference salt would have had to be in order 
to account exactly for the weight changes observed at each temperature, 
when the assumption is made that no other experimental error con-
tributes to the difference. The data recorded for the measurements on 
the dummy sample tube, described in this section, have been plotted on 
that figure also, because they provide an independent verification of 
the way in which the warming of the sample tube lags behind the warming 
of the cryostat. The significance of the figure will be discussed in 
Section E. (L) When water vapor condenses on the sample tube, the 
temperature of the sample tube rises much more rapidly than that of the 
cryostat, and cannot be estimated by adding a correction to the 
temperature observed for the cryostat. (.S) The temperature rise of the 
cryostat, when used under the conditions described above, has been 
estimated to be less than 0.06°/degree-hour, corresponding to a rise of 
6° per hour when the cryostat is 100° below room temperature. 
In a number of instances, the change of temperature was followed 
after heat had been supplied from the electric heaters. For a~ 
temperature below room temperature, 20 to 30 minutes after heating, the 
difference between the sample tube and cryostat temperatures was always 
somewhat greater than for a corresponding temperature achieved by cooling. 
The difference between arriving at a temperature range by heating or by 
cooling disappeared after about an hour. Therefore, when it was desired 
to warm the cryostat for a susceptibility measurement, more than an hour 
was allowed to pass before meaBUre•nts were made. 
c. Temperature Gradient of the Sample: The temperature gradient 
of the sample was not experiment~ determined. It will be discussed 
in Section F of this chapter, which deals with errors. When the method 
of calculation described below is employed, temperature gradient in the 
sample should be onJ.y a minor source of error. 
E. Search for a Suitable Reference Substance 
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Before crystal field theory came into prominence, the inter-
pretations which chemists placed on magnetic results did not require 
highly accurate data. Frequently, susceptibilities were measured at only 
one temperature, and were estimated on the basis of calibrations 
averaged over a range of values determined for different Bliliatances. 
Developments in bonding theories in the last decade, however, have made 
it possible to advance quite detailed interpretations o.f the magnetic 
properties of 1II8J\Y inorganic compourds, a.rd, in fact, the degree of 
refinement of these theories is beginning to exceed the limits of 
accuracy of much of the available data. The choice of calibration sub-
stances and the critical review o.f previous work are therefore matters of 
considerable importance to meaningful interpretations of experimental 
results. 
A Goey magnetic balance may be calibrated with any material the 
susceptibility of which is accurately known. A choice can be made from 
a wide variety of diamagnetic and paramagnetic solids and liquids. The 
fact that all of the experimental magnetic work in this thesis was per-
formed on moderate~ paramagnetic powders recommended the choice of a 
solid, moderate~ paramagnetic reference material. 
There are several specific requirements which such a reference 
substance must satisfy: (1) Its susceptibility must have been 
accurately determined as a function of temperature, preferably by some 
absolute method: (2) It must be obtainable in a condition of known 
purity. (3) It must be chemic~ stable: it should be chemical~ 
improbable that some of paramagnetic ion should be able to acquire, in 
the crystals, a different oxidation state or structural envirolll1lent; the 
salt, if a hydrate, should not be efflorescent under normal conditions, 
etc. (~) It should be magnetically isotropic. 
Four particularly well-recommended compounds were selected to be 
evaluated as possible reference substances in the liquid nitrogen to 
room temperature range. These were: Ni(NH~)2 (S0~)2•&!2o, CuS0~·5H2o, 
Fe(NH~)2{S0~)2•6H2o, and HgCo(SCN)~. For each, the best literature 
value of the gram-susceptibility was used in conjunction with the ex-
perimental results obtained in this work to calculate "tube constants" 
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( t3 -values; Section A, Eqn. ~ of this chapter) at each of the magnetic 
field strengths used and at each temperature for which observations of 
weight changes were made. The constants obtained at a field strength of 
1.~ kilogauss, for each of these four possible calihrants, are plotted 
as a function of temperature in Fig. II-~. The curves obtained for each 
of the other three field strengths used are exactly analogous to those 
shown, and have therefore not been included here. (They give the same 
corrections as those shown in Fig. II-15 after cal~ulations of the type 
Figure II-1.!, 
Temperature Dependence of Apparent "Tube Constants" 
(For H•7 ·6:1. kgauss. am Magnet Gap • b.215 em.) 
Ordinate: Values of ~ 
Abscissa: Temperature ( °C.), as indicated by lower 
thermocouple in cryostat wall. 
• • Points for Ni(NHh) 2(soh) 2 •6H2o_,uit'QCrystallized (data for 
duplicate samples). 
-. • Points for Ni(lifb) 2(SOJ.,) 2·6H2o, recrystallized. 
• • Points for CuSOJ.,•5H20, unrecrystallized (data for 
duplicate samples). 
• • Points for CuSOh • $20, recrystallized. 
• • Points for Fe(m:4) 2(so4) 2•&2o. 
• • Points for HgCo{ NCS) h. 
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used to construct that figure.) For the calculations which produced 
Fig. II-lL, it was assumed that the temperature registered at the lower 
thermocouple of the cryostat was the same as the temperature of the 
sample tube. The fact that the two temperatures were not equivalent 
8L 
is the basis for the anomaly at the lower temperature end of each curve in 
Fig. I I-lL. The final temperature corrections and tube constants were 
obtained in a different way, which w.ill be explained in the section 
concerning measurements on nickel ammonium. sulfate hexahydrate. 
The following paragraphs describe the experimental work performed 
in this investigation on each of the four reference substances, and con-
tain reviews of previous work. To make comparisons easier, the ex-
perimental data of previous workers are also reported as gram-susceptibili-
ties at 20°C. In cases where measm-ements have not been made at 200, the 
experimental determination for the temperature nearest to 20° has been 
corrected for temperature in accordance either with the temperature-
dependence reported by the respective author or (where no study of the 
effect of temperature was made) with a simple Curie law relationship. 
Following those sections is a section in lihich the results are compared. 
compound of those studied which was found to be a satisfactory standard. 
Consistently reproducible results were obtained with both unrecrystallized 
and recrystallized samples, and the observations agreed with the reported 
temperatm-e-dependence of susceptibility. The value of the susceptibility 
of the salt has been variously reported, as described below. However, the 
two most complete studies1 ' 2 of its susceptibility, on which the values 
Roy. 
IL.C. Jackson, Comm. Phys. Uni v. Le:Lden, 
Soc., A22L, 1 {1923). 
2P. C;;;;e, Thesis, Leiden, 1956. 
No. 163 (1923); Phil. Trans. 
reported in this thesis are baaed, are mutually consistent, as will be 
explained in detail below. 
Throughout this thesis the following commonplace designations will 
be used: ig,. gram-susceptibility, uncorrected for diamagnetiBDl; 
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i r aolar susceptibility, uncorrected; f.M- molar suceptibility corrected 
for diamagnetism. When corrections are also made for temperature-
independent paramagnetism, that will be mentioned separately. 
L.C. Jacksonl determined the susceptibility or a powdered, re-
crystallized sample of Merck ltJuaranteed Pure" nickel ammonium sulfate 
hexahydrate, by absolute means. He reported that the data at 286._,c>, 
169.SO, and 77.15<1t., corrected for diamagnetism, conformed to a Curie-
Weiss law, 'f (T - 9) • C, with 9 • -~0 • M There was a 1% difference 
between the highest and lowest values of C. The value or f- g ( 20°C.) 
extrapolated from Jackson's data is 10.~3 x lo-6 cgs units. Subsequent 
work has shown varying extents of agreement: (a) Bartlett2 found that 
single crystals of the salt exhibited a low magnetic anisotropy, and that 
a powdered sample appeared to follow a Curie-Weiss law between 50° and 
-~0°C., with Q • -27°. Bartlett's value of lg at 20°C. is 10.55 x lo-6 
cgs units (estimated by Bartlett to be accurate to approximately 1%). 
fb) A careful magnetic anisotropy study3 led to a value of 3967 x lo-6cgs 
units for the molar susceptibility (uncorrected for diamagnetism) at 
30°C., corresponding to lg (20°C.) • 10.~0 x lo-6 cgs units. (c) Cossee, 
1L.C. Jackson, COJD. Phya. Univ. Leiden, JJo.l63 ( 1923) J Phil. Trans. 
Roy. Soc., A22~, 1 (1923). 
-2B.W. Bartlett, Phys. Rev., ~~ 818 (1932). 
3K.s. Krishnan, N.C. Chakravorty and s. Banerjee, Phil. Trans. Roy. 
Soc., A232, 99 (1933). 
-
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who first recommemed use of the nickel salt as a magnetic stamard ; 
measured both laboratory-prepared and commercially available Ni(NH~) 2(S0~) 2 
•6H20 by the Faraday method, using recrystallized and unrecrystallized 
samples. When Jackson's susceptibility values were used, Cossee foum 
the differences between the calibration constants deduced from measure-
menta at liquid air, dry ice-acetone, and roOlll temperatures, to be within 
the experimental error, thus providing further support for the 
temperature-dependence found by Jackson. This point assumes particular 
importance in view of the experiJilental results obtained in this work for 
each of the four substances considered as calibrant.s. (d) The most recent 
tabulation of magnetic susceptibilities2 quotes an earlier thesis 3from 
the same laboratory at which Cossee worked, giving g • -6° and 
f-M• ~2~0 x 10-6 cgs units, which correspoms to fg • 10.73 x lo-6cgs 
units at 2000. 
In part of the present work, measurements between liquid nitrogen 
and room temperatures were made on three separate packings of lightly-
crushed, unrecrystallized, K&Jlinckrodt Analytical Reagent Ni(NH~) 2(so~) 2 
•6H20• Separate samples had uniform packing densities; but, for 
different samples, the "ef'f'ective overall packing densities" varied from 
0.0966 g./em. to 0.1013 g./em. As with all results obtained in the 
present thesis, measurements on each sample were made at f'our field 
lp. Cossee, Thesis, Leiden, 1956. 
2TAbles des Constantes et Donnlles Numeriques de Chimie, de Physique, 
de Biologie et de Technologie, Vol. 1: G. Folx, •constantes Selectionees 
Diamagnetisme et Paramagmtisme," Masson et Cie., Paris ( 1957). 
3J. Volger, Thesis, Leiden, 19~6. 
stren g ths for each temperature illV'estigated. The spread of the results 
was well within the overall precision. (See Section F below, on Errors). 
Two-tenth gram portions of the powered sample were analyzed for 
nickel by the diDletbyl-glyoxillle method!, and the following results were 
obtaineds 
Before Sl\1 measurements were made: J.l,.8.5, J.l,.B3, J.l,.B6, J.l,.83; 
Avg. • 1~.8~% Ni. 
After eight months, before the third measurement: J.l,.82, ~.86; 
Avg. • J.l,.8~% Ni. 
(The calculated nickel content of pure nickel ammonium sulfate 
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hexahydrate is ~.86%). After each of the three sets of magnetic measure-
ments, the samples (1.~8 to 1 • .5.5 g.} were carefu.lly removed from the 
sample tube, weighed, dissolved, and diluted to volume in a one-liter 
volumetric flask. Duplicate ana.lyses on 100 ml. aliquota showed, for 
the three samples: J.l,.82% Ni, J.l,.83% Ni, and J.l,.8.5% Ni. 
It was shown, by a sensitive color test with a saturated solution 
of ammonium thiocyanate in acetone2, that cobalt was not present in the 
Mallinckrodt .tnalytical Reagent Ni{lti~} 2(SO~) 2 • 6H2o in amounts greater 
than 0.2 mole percent (0.03% by weight}. The test is said to be 
sensitive to 0.5 .microgram cobalt, so long as the nickel concentration 
does not exceed 2mg./ml. 2• 
A solution containing 0.11 g. Ni{NH~)2 (S0~)2•6H20 was treated 
with dimethylglyoxime to remove all of the nickel present3• The 
lcupter III, Section F of this thesis. 
2F. Feigl, •spot Tests•, Vol. I, Inorganic Applications, Fourth Ed., 
Elsevier Publishing Co., Amsterdam, 19.5~, p. 1.40. 
3chapter III, Section F of this thesis. 
filtrate was concentrated to a total volume of about 7 ml. On addition 
of one drop of the latter solution to 5 drops of a saturated solution 
of ammonium thiocyanate in acetone, a very slight reddish color 
developed but no blue color appeared. Comparison solutions containing 
0.5 mg. cobalt (as CoSOh)in 100 ml. solution all developed a definite 
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blue color, irrespective of the presence or absence of a low concentration 
of added di.Jilethyl-glyoxim.e. 
The same test was also applied to a drop of a solution containing 
1.35 g. of nickel ammonium sulfate hexahydrate (200 mg. nickel) in 100 ml. 
of water, and to a drop of a comparison solution containing 0.5 mg. 
cobalt and 160 mg. nickel in 100 al. of solution. Addition of thiocyanate-
acetone solution produced a blue-green color in the comparison solution, 
but only a yellow-green color in the test solution. 
For each temperature at which the three samples were measured, the 
gram-susceptibility was estimated from the equationl: j 
1 
• (T~~~) 10-6 ega 
units, which closely reproduces Jackson's data. From the estimated gram-
susceptibilities, the ~ values were, as a first step, calculated on the 
assumption that the temperature of the sample was equal to the temperature 
of the lower thermocouple in the cryostat. As an example, the ~ values 
for the three sets of measm-eaents at 7. ~ kilogauss are shown in Fig. 
II-lh. The points from the different r'WlS are not separately identified 
in that figure because the scatter between values calculated for the 
separate runs is about the same as the acatter between values obtained 
~. Cossee, Thesis, Leiden, 1956. 
within each run. It should also be noted that for one of the samples, 
two complete sets of measurements were made between room and liquid 
nitrogen temperatures by warming the sample to room temperature without 
removing it after the first set of measuremente. No significant or 
consistent difference was observed between the tube constants calculated 
fromthe two sets of measurements. Among other things, this irdicates 
that 8JlY' orientation effects arising from the magnetic anisotropy were 
negligible. Between room temperature and -170°C., the difference bet-
ween the highest and lowest values is only 0.5% of ~ • 
Fig. II-l.li also records the points obtained from measurements on a 
separate sample of nickel ammonium sulfate hexahydrate which had been 
twice recrystallized from hot solution containing about 0.5 ml. of 
concentrated sulfuric acid per 100 ml. of solution. A portion of the 
sample was lightly crushed and stored for 5 days in a hygrostat under 
reduced pressure, over a saturated solution of nickel ammonium sulfate. 
Two analyses1 on 0.2 g. portions imicated l.li.80 am l.li.86% nickel. 
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The magnetic results on the recrystallized sample, for which the 
"effective overall packing density" was 0.101_2 g./em., are imistinguish-
able from those on the samples of unrecrystallized salt. 
The measurements on Ni(NHb) 2(sob) 2 ·6H2o were then used in the 
following way to estimate, for the lower part of the temperature range, 
the correctiollll which should be applied to compensate for the temperature 
error, which arose from the fact that the actual sample temperatures were 
not measured. Temperature error was not significant in the higher 
lchapter III, Section F of this thesis. 
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temperature range. 
As may be seen from Eqn. h (Section A of this chapter), the tube 
constants ~ should be temperature-independent for a given field strength. 
Accordingzy, for each of the four field strengths, (3 was first estimated 
for the higher temperature range wherein the temperature error was 
negligible, and those ~ values were then used to calculate the actual 
sample temperatures in the lower temperature ranges. By this means, when 
the standard meas'llring technique was employed, the cryostat thermocouple 
readings could be converted to actual sample temperatures for this 
reference material and, later, for tungstocobaltatea. 
To accomplish the result described in the previous paragraph, P 
was assumed to be a constant at a given field strength, and its value 
was estimated for each of the four field strengths by averaging all the 
values calculated for it between 26° and -120°C. (see Fig. II-14). 
The average ~ at each field strength was then used in Eqn. h to 
calculate the susceptibility exhi&ited by nickel ammonium sulfate 
hexahydrate in each observation below -l20°C. Those susceptibility 
values were substituted into the empirical equation for the gram-
susceptibility of nickel ammonium sulfate hexahydrate as a function of 
temperature: j 1 • CT3c;g:s> 10-6 cgs units (derived from Jackson's 
data), to give the temperatures corresponding to the susc~ptibilities 
actually exhibited. 
The differences between the temperatures recorded by the thermo-
couple and the temperatures corrected as outlined above are plotted as a 
function o! temperature in Fig. II-15. In view o! the fact that errors 
in the estimation o! (J • s as well as all of the experimental errors are 
Figure II-15 
Corrections for "Temperature-Errors" 
(These small corrections incorporate adjust-
ments for all systematic errors by ascribing the sum. 
of all of them to temperature-error.) 
Solid line • Corrections (in °C.) to be added to temperatures 
in:Ucated by the lower thermocouple in the cryostat wall in order 
to obtain the effective sample temperatures for Ni(NH~) 2(S0~) 2 •6H2o 
when the standard experimental procedure (text) is used. 
Ordinate: Temperature correction ( °C • ) • 
Abscissa: Temperature (°C). 
• • Calculated from mageatic me.asurements at H • 5. ~ kgauss. 
0 
c • Calculated from magnetic measurements at H • 1. 61 kgauss. 
~ • Calculated from magnetic measurements at H • 9.1 kgauss. 
0 
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• (dashed line) • Observed differences between temperatures recorded by the 
lower thermocouple in the cryostat wall and the thermo-
couple in the "dUIIIIIY" sample tube containing KCl. (See 
text, Section D, part 2-b.) 
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incorporated into the estimates ot "temperature-error", and the fact that 
the points on the figure include data recorded at three different field 
strengths for two different sample-packings, the consistency of the re-
sults is excellent. The points marked by • in Fig. II-15 are the 
recorded differences between the temperature of the cryostat lower 
thermocouple and the temperature of the dWIIJI\Y sample tube in the ex-
periment described in Section D-2 above. The latter points are not 
expected to lie on the "temperature-error" c:urve, since they show only 
temperature differences. They show mainly that there was a lag in the 
warming of a sample tube, when both the tube a:rxi the experimental 
conditions were slightly different from those in which all of the 
magnetic measurements were made (e.g., in the latter measurements there 
was: (1) use of the silver weight, w.hich has considerable heat capacity, 
(2) no heat leak to the sample via thermocouple wires, (3) no contact 
of suspended parts with the cryostat wall, (L) much tighter sample 
packing, etc.) • 
The sharp spike in the low-temperature end of the error curve re-
flects the procedure developed for lowest temperature measurements. The 
temperature of the cryostat was brought nearly to liquid nitrogen 
temperature from room temperature in a series of steps. At each step 
two successive sets of measurements at the four field strengths were 
made after the condition of steady warming (described in Section D above) 
had been achieved. After the last such step had brought the temperature 
within the range -150° to -170°0. , liquid nitrogen was allowed to run 
through the cooling coil slowly but continuously until the potentials 
registered by lboth thermocouples indicated uniform temperature. That 
temperature could be kept essentially constant by a slow flow of liquid. 
Measurements were made while nitrogen ran through the coil. After the 
nitrogen was turned off, the temperature at the thermocouples began to 
rise almost immediately. Measurements were made almost continuously until 
the temperature reached approximate]3' 100'1c. The sharp change in the tem-
perature correction, which un1oubtedly arose from the lag in the warming 
of the sample, was observed to apply in every magnetic study made as part 
of this work (e.g., see Fig. II-~), and was quite reproducible starting 
at the temperature at which the nitrogen flow was stopped. Moreover, 
even if the effect were to be totally neglected, it would cause less 
than 0.5% error in the estimation of the lower temperatures. 
By use of this correction curve, Fig. II-15, with the standardized 
experimental procedures described, the sample temperatures in this 
thesis were estimated. The good precision indicates a maximum error of 
about 0.3° in the range 80° to l00'1c., on the basis of assuming the 
correctness of Jackson• s temperature measurements. Since Jackson• s 
experiments were carried out down to ~.5° K., the accuracy of his 
temperature measurements in the 80° to 100° K. range was presumed to 
be good. Above 150°K. the error in temperature correction becomes 
negligible in the magnetic calculations. 
2. Copper sulfate pentahydrate, CuSOL •5H2o, has sometimes been used as 
a magnetic calibration standard1• Its susceptibility has been measured 
lB.N. Figgis and R.S. Nyholm, J. Chem. Soc., 1959, 331; 
F.A. Cotton and M. Goodgame, J. Am. Chem. Soc.,~' 1777 (1961). 
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numerous times, but only three tim.es11213 by' absolute means and as a 
function of temperature. The following list includes some work which has 
several times bean misquoted through faUure to report the temperature 
specified for each determination. In each case below, it has been 
assumed that e • -0.7°, and the gram-susceptibility at 200c. has been 
estimated by applying the temperature correction to the experimental 
deterllination nearest to room temperature. 
(a) Absolute determinations of susceptibility have been made by' 
de Haas and Gorter1, whose data correapomed to a Curie-Weiss law for the 
corrected molar susceptibility& iM • o.~56/(T+0.7) between ~0 and 290~. 
The Curie constant quoted is the average of values with a 2% scatter, and 
leads to a value of jg(20°C.) • 5.82 x lo-6 cgs units. Temperature-
correction of the room temperature susceptibility determination gives the 
value .:ig(20°C.) • 5.69 x lo-6 cgs units. (b) Absolute determinations 
of susceptibilities have been made by Reekie2 who also found 9 • -0.7°, 
but who found the mean Curie constant to be 0.!,60 between ~.2° and 292~. 
(which predicts a value of 5.87 x 10·6 cgs units for .:ig(20°c.)). The 
over-all scatter of values for the Curie constant vas 1.5%. ,i g(20°0.) • 
5.81 x 10·6 cgs units (from correction of room-temperature datWI). 
(c) The susceptibility of povclered C~Ob·5H2o was determined at one tem-
perature only, in conjunction with a study of magnetic anisotropy!,. It 
was shown that single crystals of CuSO!, • 5H2o exhibit considerable aniso-
lw.J. de Haas and C.J. Gorter, Co.llllll. Phys. Lab. Univ. Leiden, No. 
210d, 39 (1930). 
2J. Reekie, Proc. Roy. Soc., 173A, 367 (1939). 
-
.3Jc. Aida, Bull. ehem. Res. Inst. non-aq. solns., Tohoku U., 1~ 1 (1953). 
bK~S. Krishnan and A. Hookberji, Phys. Rev., z.!!, 8~1 (1938). 
tropy, corresponding to 36% of the mean susceptibility. Correction to 
20°C. of the data for powder susceptibility gives a value of 5.9~ x lo-6 
cgs units for 1-g• (d) Details of method and precision concerning a 
studyl quoted by FoL:2 were not available to this author. It was 
reported that 9 was - 0.7° over the range 2° to 300~., and a molar sus-
ceptibility corresponding to fg(200c.) • 5.85 xlo-6 ega units was 
reported. (e) The susceptibility of a powdered sample has been deter-
mined by the Gouy .method) at one temperature only, with Mohr's salt, 
hydrated ferrrous sulfate, and nickel ammonium sul.fate as calibration 
standards. j. (20°C.) • 6.12 x lo-6 cgs units. (f) In a recent reviewh, g 
it was stated that the gram-susceptibility of powdered CuS0~·5HZO is 
5.92 x lo-6 ega units, but 11is not accurately known•. Reference was made 
to work5 in which a value of 6.o5xlo-6 was reported fromGouy measure-
menta, but in which no data were given, and intormation about reference 
standard was omitted. 
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All calculations involving copper sulfate in this work were based 
on a value of 5.85 x lo-6 cgs units for the gram-susceptibility at 20°C. 
The experimental data recorded for the two highest field strengths in all 
of the measurements on CuS0~·5H2o have been tabulated in the Appendix. 
Two packings of finely-groul.ld, Um"ecrystallized, Mallinckrodt 
lK. Aida, Bull. chem. Res. Inst. non-aq. solns., Tohoku u, l• 1(1953). 
~ables des Constantes et Donn6es Nuln&riqu.es de Chimie, de Physique, 
de Biologie et de Technologie, Vol. 1: G. Folx, •rconstantes Selection&es 
Di8118gnetisme et Paramagnetisme", Masson et Cie., Paris (1957). 
Js. Sugden, J. Chem. soc., 1932, 1~. 
-~B.N. Figgis and J. Lewis in "Modern Coordination Chemistry", 
J. Lewis and R.G. Wilkins, Editors, Interscience Publishers, New York, 
1960, p. ~15. 
5B.N. Figgis and R.S. Nyholm, J. Cham. Soc., 1959, 331. 
-
Analytical Reagent CuSOh·5H2o were measured. The "effective overall 
packing densities" were 0.1181, am 0.1155 g./em. A dehydration method 
was used to analyze one or the two samples. Separate experiments had 
shown that CUSOh•5H2o can be dehydrated to a composition very close to 
CuSOh •H20 by heating at 1150c. tor several dqs. When the sample used 
for magnetic aeasurements (1.8 g.) was dried at ll5°C. tor three days, 
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the water loss corresponied to a aolecular we~ht or 2h8.o (CuSOh•h.91H2o). 
A separate 1.3 g. sample was anal.yzed tor copper by rapid electrodeposition 
on platin'Wl electrodes1, and was foun:i to contain 25. 6h% copper, correspon-
ding to a molecular wight of 2!,7 .8. The weight of sample which contained 
exactly one gram-atom of copper was therefore assumed to be 2!,7 .9. 
The ~ values marked by • in Fig. n-1!, were calculated by using 
Eqn. II-h (Section A of this Chapter), the experimental data obtained 
at H • 1.~ kgauss., and the gram-susceptibility of CuSOh•5H2o calculated 
from the expression: j g • [ (~:~~) - 10-h] / 2!,7 .9. (rhe di8118gnetic 
susceptibility correction was taken to be -100 xlo-6.) As with the results 
based on nickel ammonium sulfate, the scatter of ~ values vas very small. 
Because the magnetic anisotropy of copper sulfate pentahydrate is large, 
the susceptibility of one of the samples was remeasured at several points 
throughout the temperature range. Taking these data involved various re-
heatinga and recoolinga. The results did not differ from those obtained 
before such treatments, showing the absence of orientation effects. Fur-
thermore, the results for the different pacldnga agree, within the preci-
sion tor any packing. The non-zero slope showed that the sample did not 
exhibit the temperature-dependence assumed in the expression for gram-
susceptibility. 
lchapter III, Section G of this thesis. 
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Measurements at four field strengths were also made on a re-
crystallized sample, uniformly packed in a sample tube with an "effective 
overall packing density" of 0.1066 g./em. The results for measurements 
at H • 7.61 kgauss. are given by "' in Fig. !I-lL. The sample had been 
twice recrystallized from hot solution containing 0.5 ml. concentrated 
sulfuric acid per 100 ml. water. It was air-dried, finely crushed, and 
stored for a week in a hygrostat under reduced pressure, over a 
saturated solution of copper sulfate. Dehydration of the sample ( 1. 6 g.) 
after the magnetic measurements had been made showed a molecular weight 
of 268.3, llhile dehydration of the remaining 1.36 g. portion indicated 
a molecular weight of 276.3. Both dried samples were dissolved and 
analyzed for copper1 b,y rapid electrodeposition on platinum. The 
results were 25.~7 and 25..50% copper, correspor:rling to a molecular 
weight of 2~9.3. 
The dehydration results cannot readily be explained. The re-
crystallized salt was indistinguishable from unrecrystallized material 
under the microscope, and was completely water-soluble even after 
dehydration. 
The calibration results were calculated on the basis of the copper 
analysis. As indicated in Fig. II-~, they show a slightly different 
slope for the curve of~ as a function of temperature from that of the 
unrecrystallized material. 
If the temperature dependence assumed in the expression for the 
1
chapter III, Section G of this thesis. 
susceptibility of copper sulfate is correct, then the copper sulfate 
calibration results would require that ~ is a function of temperature, 
99 
an:l changes by more than 2% between liquid nitrogen aDd room tempet"ature. 
That variation is alaost exactly equal to, and in the same direction as, 
the variation in the experillental data (but not the overall interpretation) 
of de Haas and Gortar1 for the Allle temperature rangeJ it is not in 
agreement with the data of Reekie2 in that temperature range, however. 
Since there is no inherent reason for ~ to be temperature-dependent, 
and in view of the excellent precision and reproducibility of the results 
obtained with the two different packings of unrecrystallized salt am 
with the recrystallized sample, it is concluded that the temperature-
dependence of susceptibility of the packed sample used in this work was 
slightly different from that reported in the literature for CuSO~ •SH2o. 
Since thlt plot of ~ values vers'WI temperature {Fig. II-~) for 
CuS0~·5H2o is a smooth curve, it would be possible to construct a 
"temperature-error• curve based on it, using a procedure si.Jail8l' to that 
described for Ni(NH~) 2(so~) 2 •6H2o. This would assign temperatures to other 
samples based on assuming the correctness of previous workers• t.ellperature 
dependence of susceptibility aeasureMnts on CuSO~ •5H2o. If this were 
done, however, such a "t811Perature-error• curve would indicate, according 
to which ~ value was chosen, either: (a) that the sample temperatures 
were below those of the cryostat by amounts which increase( I) as the tem-
perature rises, or (b) that the suple te.11peratures were above (I) those of 
the cryostat by utounts which increase as the temperature falls. Also, 
lw.J. de Haas and C.J. Gorter, COJIII. Phys. Lab. Univ. Leiden, No. 
210d, 39 (1930). 
2J. Reekie, Proc. Ro.y. Soc., ~~ 367 (1939). 
the magnitudes of the temperature dif"ferences are improbably large. 
Since these results are so much at variance with expected behaviors and 
with the behavior of the "dUBUI\Y" sample tube containing KCl, it was 
concluded that the CuS0~·5H2o sample used in these experiments exhibited 
a different temperature dependence of susceptibility from that given in 
the literature. 
3. Ferrous ammonium sulfate, Fe(NH~)2(S04)2·&2o, is perhaps the best-
known an:l most widely recommended calibrant1 for the Gow method, 
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despite the fact that both the temperature dependence and the susceptibility 
reported b.1 Jackson2 and usually quoted have been disputed by several 
authors. Fottx3 found that two sets of measurements on the compound did 
2 
not agree with each other or with Jackson's values. The suapeptibilities 
reported by Fo8x were about 2% lower than Jackson's at roam temperature, 
and from 10-60,% higher near liquid nitrogen temperature. Cossee~ also 
found differences between his determinations and Jackson's, also in the 
direction of lower susceptibilities at higher temperatures. In addition, 
Cossee reported differences in results obtained with unrecrystallized 
and recrystallized samples of several commercially available preparations. 
In this work, a single sample of Thorn Smith Analyzed Mohr's salt 
was lightly ground, and packed with a packing density of 0.101 g./em. 
Three 0.9 - 1.2 g. samples were titrated for Fe(II) content with 0.1 N 
eerie sulfate solution which had been standardized against electrolytic 
Ip.w. Selwood, "Ma.gnetoche.mistry0 , Second Ed.,Interscience Publishers, 
New York (1956), p. 26. 
2L.C. Jackson, Comm. Phys. Lab. Univ. Leiden, No. 163 (1923). 
3a. Fo~x, Ann. de Phys. (9), 16, 259 (1921). 
4p. Cossee, Thesis, Leiden, 1956. 
iron.1 The results were: ~.20, 14.19, 14.22% Fe(II); avg. • lL.20% 
Fe(II). Three other 1.0 g. samples were analyzed for total iron 
content, with the results: 14.25, lL.27, lL.26% Fe; avg. • lL.26% Fe. 
Pure Mohr's salt contains lL.2~% Fe(II) (by calculation). 
Tube constants were calculated from the observed weight changes 
at four field strengths and from the sueceptibilities calculated on the 
basis of the equation given by Jackson: tg• (T9}-~ lo-6cgs units. 
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The calculated p values at 7. 6 1 kgauss. , marked by • in Fig. II-lL, 
support the observations of Foex and Cossee with respect to temperature-
dependence of susceptibility, but suggest that the susceptibility of 
the sample measured in this work was below that reported by Jackson 
over the entire temperature range. Any attempt to construct a 
"temperature-error" curve from the data on Mohr's salt, analogous to 
that constructed from the Ni(NH~) 2(S0~) 2 ·6H2o data, leads to highly 
improbable values for temperature corrections. 
The difficulty of eliminating ferric ions from Mohr's salt 
contributes to making this substance an unsatisfactory reference material 
for Gouy measurements. 
4. Mercuric tetrathiocyanatocobaltoate, HgCo{&:N) ~' has recently been 
suggested as a calibrant for magnetic measurements by Figgis and N,yholm2• 
In their work, samples of' the compound, analyzed for carbon, nitrogen, 
and sulfur, were measured at roOIIl temperature in a Gouy tube which had 
lahapter II, Section H of' this thesis. 
2B.N. Figgis and R.S. N,yholm, J. Chem. Soc., 1958, ~190. 
been calibrated with water (diamagnetic.) The gram-susceptibility at 
0 I. -6 20 c. was reported to be 16.~4 x 10 cgs units, and ~was reported to be 
-10°. A second publication1, for which the data were recalculated on 
the basis of calibration with copper sulfate~, gave values of the mag-
netic moment corresponding to a different susceptibility at 20°C. 
(15.9 x lo-6 cgs units) but the same value of 0. Since it has been 
shown3 that all tetrahedral Co(II) compounds should, and do, exhibit 
temperature-independent paramagnetism, an::! since apparently no allowance 
was made for that contribution to the total molar susceptibility, an 
improbable kind of error would have to be postulated to account for the 
authors! conclusion1that the molar susceptibility, corrected only for 
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diamagnetism, follows a Curie-Weiss law. The erratic plot of ~ values' 
which results from use of the relationship cited for this compound is 
given for H • 7.61 kgauss. in Fig. II-1L~ It indicates the inadequacy 
of the relationship. 
A single sample of the compound, prepared by the method of Figgis 
and Nyholm~, was finely ground and packed in the Gouy tube with a packing 
density of 0.152 g./em. Measurements of susceptibility were made over 
the entire liquid nitrogen to room temperature range, and the data 
recorded for the two highest field strengths are tabulated in the 
Appendix. Chemical analysis5 revealed that the compound was low in 
lB.N. Figgis and R.S. Nyholm, J. Chem. Soc., 1959, 338. 
2Private communication, B.N. Figgis. -
Ja. Schlapp and W.G. Penney, Phys. Rev., ~2, 666 (1932); P. Cossee, 
Thesis, Leiden, 1956; P. Cossee, J. Inorg. Nuc~Chem., 8, ~83 (1958); J.H. 
Van Vleck in P. Cossee am A.E. van Arkel, J. Phys. Chem7 Solids, 15, 1 
(196o); B.N. Figgis, Trans, Far. Soc., ;6, 1~53 (1960); F .A. Cottoii; O.D. 
Faut, D.M.L. Goodgame and R.H •. Holm, ~Am. Chem. Soc.,83, 1780 (196l);F.A. 
Cotton, D.M.L. Goodgame and M. Goodgame, J. Am. Chem. SoC:,83,4697 (1961). 
~ -B.N. Figgis and R.S. Nyholm, J. Chem. Soc., 1958, ~190. 
5chapter III, Sections A, D, and J, of this t~s. 
cobalt by more than 1%: 
Found: Co: 11.88, 11.86, 11.85, 11.82, 11.86; Avg. • 11.85% Co. 
Hg: L0.15; L0.72, LOJ5, L0.7L; Avg. • L0.7L% Hg. 
N: 11.50, ll.L2; Avg. • ll.L6% N. 
Calculated for HgCo(SCN) L: Co • 11.98%; Hg • lt0.18%; N • 11.39%. 
Allowance was made for the effect of the low cobalt content in lowering 
the gram-susceptibility. 
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5. Comparison of R•sults: Usually calibration of Goey- tubes is performed 
only at room temperature but with several reference compounds, and the 
results are averaged. That procedure, applied to these studies, would 
lead to a tube constant at 7.61 kgauss., of 0.530 ! 0.011 (where ~ 0.011 
is the standard deviation \ V L d i 2, in which di is the deviation from 
n- 1 
the arithmetic mean of one of the n observations of i). Standard 
deviations for tube constants at the other field strengths constitute 
similar percentages of the values (see Section F below). 
The studie:s of the apparent temperature-dependence of ~ , for each 
of the four compounis considered as possible reference substances, favor 
the use of hydrated nickel ammonium sulfate as calibrant, despite the 
fact that it gives the lowest of the four results. This choice is in 
agreement with the independent demonstration that Mohr's salt is an 
unreliable standard. The studies show that three carefully prepared 
CuSOij •5H20 samples closely checked each other while giving a different 
temperature-dependence of susceptibility from that reported in the 
literature, so that the actual susceptibility of the packed samples was 
lu. Margenau and G.M. Murphy, "The Mathematics of Physics and 
Chemistry", 2nd Edition, D. Van Nostrand Co., Inc., Princeton, N.J., 1956, 
p. 513. 
lOL 
different from the susceptibility as8U11led in the calculation of p 's at 
all temperatures (save possibly at one unlmown temperature). The values 
given in the literature for HgCo(SCN)L have been shown to be suspect on 
theoretical grounds, and possibly on grounds of chemical analysis. The 
magnetic measurements herein reported for that compound are inconsistent 
with the behavior given in the literature. On the other hand, all of 
the factors indicate that Ni(NHL)2(SOL)2•6H20 is an excellent reference 
material. These factors include: chemical analysis and stability, re-
producibility and precision of results for several samples, magnetic 
behavior in accord with duplicated literature values obtained by 
workers whose care and reports inspire confidence. The tube constant, 
~,used for measurements at 7.61 kgauss. and based on Ni(NHL)~o4) 2 
•6H2o only, is 0.522_3• 
Further support for the reliability of this figure may be ob-
tained from calculation of the absolute susceptibilities from the ex-
perimental data (Eqn. L), using the absolute field strength measurements 
aa.de in unobstructed air gaps (Section C, part 2-b). The gaussmeter 
used had an accuracy of 1% of full scale (corresponding to 2% error in 
the susceptibility estimates). At room temperature, at each of the four 
field strengths, susceptibilities calculated with reference to the 
absolute field strength measurements would be O.L% higher at the wider 
gap and 0.8% higher at the narrower gap than susceptibilities calculated 
with reference to Ni(NHL) 2{SOL) 2•6H2o. In view of the limited accuracy 
of the gaussmeter, this is better agreement than might have been ex-
pected. 
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F. Estimation of Errors 
The way in which the sample tube has been calibrated and the 
values estimated has been described in the section concerning nickel 
ammonium. sulfate hexahydrate as calibrant. The ~ values deduced, and the 
field strengths at which each is applicable, are: 
~ • 1.890 at H • 4.00 kgauss • (V • 0.3000 v.} 
(3 • 1.040 H • 5.~0 kgauss. (V • 0.4100 v .) 
~ • 0.5217 H • 7.61 kgauss. (V • o.6ooo v.} 
~ • 0.3~2 H • 9.1 0 kgauss. (V • 0. 7700 v.} 
The quantities in parentheses refer to the potential drop across the 
magnet current-measuring resistor. 
The error in each single determination of ~ may be estimated in 
the following wayl: From Eqn. 4, ~ • ;t~, in which ~ is a function also 
of the magnetic field strength. From the data above, it is seen that 
~ Aov-1•8. *' is roughly equal to ~ The magnetic behavior of most 
paramagnetic substances can be approximated by a Curie law, '/g • O/T, in 
which C is a constant for the substance. Substituting these expressions 
into Eqn. 4: 
~ c w .vl.8 
Vo • T( A w) 
ard 6~ 
0 • 
Differentiation of Eqn. 5 gives: 
~ • ~ + 1.8AV A(Aw) ~T ~o ··-w V + ( 6 w) • T ' 
(II-5} 
(II-7) 
in which the first term on the right refers not to the experimental 
error in determining the total weight of the sample but to the estimated 
lp. Cossee, Thesis, Leiden, 1956. 
error introduced by assuming tr~ uniform sample packing, and therefore 
representing the sample weight by the "effective overall packing density" 
of the sample. This term has been made very small by use of the 
procedures described. 
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The following estimates of maximum errors apply only to measurements 
at the two highest field strengths. Although all samples and calibration 
compounds were measured at four field strengths, the measurements at the 
two lowest field strengths were not quite so accurate for most of the 
compounds, and were used main~ in checking for the presence of ferro-
magnetic impurities. At room temperature and 7. ~ kgauss.: 
AW/W • 0.002 
6V • 0.0002 mv. 
A( A w) • 0.03 mg. 
b.T •0.1° 
V • 0.6000 mv. 
AW • .30 mg. 
T • 300°K. 
Substitution of the above values into Eqn. 7 gives 6@ 0 / ~ 0 • 0.0039. 
The value estimated ma.y be compared with the value obtained as the 
standard deviation of the experimental results from the assumed ~ value. 
The ~ values listed below have been calculated from three different 
pacld.ngs of Ni(NH~)2(S0~)2 •&i20, of which one (indicated Packing IV 
below) was the recrystallized sample previously mentioned. Each value 
listed below represents an indeperxient determination, involving separate 
determinations of T arxi 6W, and separate field-resets from zero field. 
For measurements at 7 .~ kgauss., ~ is taken to be 0.,5217. The stamard 
deviation is therefore calculated with reference to that value. 
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Packing Packing Packing Std. Dev•n. Std. Dev•n. 
II III IV from 0.5217 
(Recrys-
tallized 
Sample) 
0.5202 0.5210 0.5208 0.0011 
Room .5209 .5206 .5209 
Temperature .5203 .5207 .5205 
0.5211 0.$213 0.5213 0.0006 
.5211 .5216 .$213 
Ice .5206 
Temperature .5212 
.5209 
.5216 
At liquid nitrogen temperature and 7 ·~ kgauss. z 
6( A w) ... o.OQ mg. 
~T •o.J') 
(3 
0.0021 
0.0012 
and 6~ 0 / {3 0 • o.oo68. A comparison with experimental data, such as 
is given above for room and ice temperatures, is not so meaningful at 
the low temperatures since those same measurements were used to 
calculate the temperature correction curve which would have to be applied 
to the data in order to calculate the low-temperature (3 •s. It is 
probable, ho-wever, that the actual deviation is less than the value 
calculated from Eqn. 7 and the estimated maximum errors, as was true in 
the case of the measurements at room and ice temperatures. 
The same order of precision was observed for all measurements 
made on grou.n:i samples of five different compounds for which two or more 
samples were measured in this work. Only the dicobaltate salts, which 
were packed and measured as ungrou.n:i crystals, failed to give the same 
high order of precision for different packings. 
It should be noted that although the values of the experimental 
susceptibilities determined by the Gou;y method are depement on the 
actual values of susceptibility assumed for the reference substance, the 
temperature-depemence of the susceptibilities is nearly imepement of 
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the latter values, and depends mostly on the precision of the ex-
perimental determinations. (It is also affected by the magnitude of the 
corrections for diamagnetism, temperature-independent paramagnetism, etc.) 
The conclusions concerning temperature-dependence for the various com-
pounds studied would therefore be pertinent even if the gram-susceptibility 
of nickel ammonium sulfate should later be shown to be in greater error 
than assumed. 
It is estimated that the overall error of relative susceptibility 
measurements determined with reference to nickel &IUilonium sulfate, is 
less than 0.6%. This estimate pertains exclusively to the experimental 
determination of f-g for a given substance, and is probably a pessimistic 
estimate in view of the possibilities for cancellation of errors in a 
comparative method. 
The only remaining experimental factor not specifically allowed 
for in the above considerations is the temperature gradient along the 
length of the sample. Although the temperature gradient of the sample 
was not determined experimentally, it seems reasonable to estimate that 
the temperature difference between the top and bottom of a 611 length of 
packed sample should not be much greater than the temperature difference 
registered between the two thermocouples ( 611 apart) in the cryostat wall. 
The temperature gradient in the sample might be much less, owing to 
smaller heat leaks than those for the cryostat and owing to greater thermal 
con:iuctivity of the sample than for the nitrogen surrounding it. The 
largest difference observed between the two cryostat wall thermocouples 
was 1°C. (0.07°/cm.) at temperatures just above liquid nitrogen 
temperature. 
Calculations were performed, based on the table of percentage 
contribution to AW. (See Section B, part 3.) For the purpose of these 
calculations, the sample length was considered as subdivided into 1.5 
one-em. portions, at successively differing temperatures in accordance 
with the assumed temperature gradient. The calculations showed that, 
for substances which approximately follow the Curie law, under the 
pertinent experimental conditionJJ of sample length and field geometry 
described for this Gouy balance, temperature gradients which are even 
considerably larger than those which might reasonably be expected 
should cause an upward displacement of less than 1 em. in the effective 
magnetic center of gravity of the sample. (Examples of some of the 
gradients for which that result was obtained are: 0.1° /em. at 8o<1c., 
0.1°/cm. at 100°K., 0.3°/cm. at 100°K., 0.05°/cm. at 200~.) The sample 
therefore behaves magnetically as if it had a uniform temperature 
slightly higher than its real temperature at maximum HdH/dx. The amount 
of this effective temperature difference depends on the temperature 
0 gradient of the sample, but is almost certainly never .more than 0.1.5 , 
even at liquid nitrogen temperature. 
Furthermore, so long as calibration compounds and experimental 
compounds have approximately the same temperature-depen:ience, and so 
long as all other pertinent conditions are reproducible, the 
temperature gradient effect should nearly exactly cancel out in the 
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calibration. Also, for substances which exhibit a different temperature-
dependence from that of the calibration substance, the error will 
probab4r not entirezy- cancel but should be very small. 
In addition to the above-given estimate of relative error with 
reference to nickel ammonium sulfate hexahydrate, it is estimated that 
the absolute error of the susceptibility measurements is not over 1%. 
Both of those estimates refer to experimental gram-susceptibilities 
only, and do not allow for uncertainties in chemical anazy-sis. The 
latter source of error always becomes involved in the over-all error 
when conversion is made to molar susceptibilities. Consideration of 
the anazy-tical data reported in Chapter IV of this thesis reveals that 
the error from that source is relativezy- small in this work. In 
general, further uncertainties are also introduced when corrections 
for diamagnetism and temperature-independent paramagnetism are made, 
but these are usuallY quite small. 
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CHAPTER III. ANALYTICAL PROCEDURES 
A. Cobalt 
It was obvious that both (1) accuracy of the magnetic results on 
the new compounds considered in this research, as well as (2) the 
possibility of interpreting them and the other data most significantly, 
would depend on a high order of accuracy in the analyses for cobalt. 
This was especially true in view of the high percentages of tungsten and 
low percentages of cobalt in the compounds. Small changes in cobalt 
analyses represent large changes in atomic ratios and in the indicated 
status of purity. 
Further, for the purposes of obtaining accurate magnetic results 
and of interpreting them, it also became significant to be able to 
distinguish and determine the percentages of (1) Co(II) in tetrahedral 
sites, (2) Co(III) in tetrahedral sites, (3) Co(II) in octahedral 
sites, and (4) Co(III) in octahedral sites, individually and also 
when these were simultaneously present in the combinations occurring in 
the compounds, including their impurities. (Some of the evidence for 
the assignments of site-~etries is presented in Chapter IV and some 
in Chapter VI. The factors involved in the proofs of the assignments 
are reviewed and discussed in Chapter VI.) 
The literature abounds in·methods for determining cobalt and in 
claims and counter-claims about them. It is, of course, well-known 
that cobalt has continued to be a difficult element to determine ac-
curately, except in specialized cases. Doubtless this is the cause of 
the profusion of suggested methods (for many, if not most, of which the 
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claimed accuracies are exaggerated) and for the absence of any general-
ly accepted method having high accuracy. 
It was therefore necessary to undertake a rather extensive program 
of critical experimental evaluation of a number of analytical methods 
for this element, and to develop modifications to improve the accuracy 
of the method finally selected. 
1. Total Cobalt: 
a. Insufficiently Accurate Methods: The volwnetric and gravimetric 
methods which appeared most promising for the conditions of this research 
were selected and applied to lmown solutions containing Co and W in an 
atomic ratio of 1:12. For most of the methods, separation of these two 
elements was therefore a first step. This separation can be effected 
quantitatively by either: (1) the precipitation of hydrous cobaltic 
oxide by addition of strong base and either 3% H2o2 or bromine water, 
followed by dissolving and reprecipitating the hydrous cobaltic oxide, 
or (2) the precipitation of tungstic oxide from hot solution by 
addition of HCl, followed by cinchonine hydrochloride, and subsequent 
redissolving of the precipitates and reprecipitation of them. In the 
latter case the filtrates were combined. These well-known methods gave 
good quantitative separations as shown by sensitive qualitative tests 
for traces. 
Methods which failed, under the conditions employed, to give results 
with sufficient accuracy or precision for this research included: 
Gravimetric methods: (1) Precipitation of Co(pyridine)L(SCN) 21,2 
1. G. Spagu and F. Dick, z. anal. Chem., 71, 97 (1927). 
2. H. Biltz and W. Biltz, "Ausfilllrung Quaiititativer Analysen", Second 
Ed., s. Hirzel, Leipzig, Germany, 1937, p. 359. 
(2) Electrodepositions of co1-L 
(3) Precipitation of Co(anthranilate) 25 
Volumetric methods: (1) Redox back-titrations based on dissolving 
hydrous cobaltic oxide in excess ferrous 
salt solution in absence of air6,7 
(2) Iodimetric methodsB,9 
(3) Direct potentiometric titration with 
ferricyanide under inert atmosphere10• 
In addition, a number of attempts was made to devise new methods in 
order to obtain accuracy within appropriate limits. These included: 
(1) attempts to develop radioisotope dilution procedures wherein the 
precipitate was either Co(anthranilate) 2 or Co(pyridine)L(SCN) 2; 
(2) attempts to precipitate Co(anthranilate) 2 from solution by using 
the hydrolysis of urea to raise the pH homogeneously; (3) various 
attempts to develop oxidation titrations for Co in the presence of 
complexing agents, including ethylenediaminetetraacetic acid, vanadate, 
paramolybdate, and ethylenediamine. 
1. W. F. Hillebrand and G. E. F. Lundell, "Applied Inorganic Analysis", 
John Wiley and Sons, Inc., New York, 1929, p. 323. 
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2. G. E. F. Lundell and J. I. Hoffman, J. Ind. Eng. Chem., 13, 5LO (1921). 
3. D. H. Brophy, Ind. Eng. Chem., Anal. Ed., 3, 363 (1931).-
L. F. P. Treadwell and W. T. Hall, "Analytic a'! Chemistry11 , Vol. II, 
Quantitative Analysis, Seventh Ed., John Wiley and Sons, Inc., 
New York, 1930, p. lLO. 
5. A. I. Vogel, "Textbook of Quantitative Inorganic Analysis", Second 
Ed., Longmans, Green and Co., London, 1951, p. L62. 
6. L. A. Sarver, Ind. Eng. Chem., Anal. Ed., 5, 275 (1933). 
7. L. C. W. Baker and T. P. McCutcheon, A.nal.-Chem., 27, 1625 (1955). 
8. w. M. McNabb, z. anal. Chem., 92, 1 (1933). --
9. M. L. Malaprade, Bull. Soc. Chim. (France), [L], L7, L05 (1930). 
10. 0. Tomicek and F. Freiberger, J. Am. Chem. Soc., 27, 801 (1935). 
Some of the foregoing methods from the literature and some of the 
original methods could be eliminated because of inherent limitations 
after a few determinations. In other cases extensive attempts to 
improve the methods were unsuccessful. 
Several of the older and new procedures mentioned give satisfactory 
results when accuracies within about 1-2% error are acceptable. 
Among the new methods, the precipitation of Co( anthranilate) 2 upon 
homogeneous raising of the pH shows promise of being developable into 
a good method. 
b. Accurate Method: The only method found to provide the accuracy 
requisite for this work was a modification of that of Hall and Young1, 
in which the sample, in buffered solution, is oxidized with an excess 
of standard potassium ferricyanide solution which is then back-titrated 
with a standard Co{II) salt solution. The method is more accurate, 
more rapid, and more convenient than the forward titration of Tomicek 
and Freiberger2 on which it is based (and which is more frequent~ 
quoted). Few common cations or anions interfere, and therefore the 
method was used without previous separation of the tungsten. It was 
found necessary however to separate mercury (as mercuric sulfide) before 
analyzing for cobalt in HgCo{:rcs) ~. (Hall and Young had found that 
mercuric ion does not interfere when the sample is brought into solution 
in HN03' HCl, HBr or HF1.) 
For the present work, the reproducibility of results for samples 
containing a large excess of tungstate was improved by several changes 
1. A. J. Hall and R. s. Young, Chem. and Ind., ~~, 39~ (19~6); See also; 
R. s. Young, "Cobalt", ACS Monograph No."""'08, Reinhold Pub-
lishing Corp., 19~8, p. 162. 
2. 0. Tomicek and F. Freiberger, J. Am. Chem. Soc., 21, 801 (1935). 
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in the method of sample preparation, and the sensitivity of the method 
was increased by employing amperometric detection of the end-point. 
When carried out as described below, the method yielded results which 
differed by no more than 3 parts per thousand and which usually checked 
within 2 parts per thousand. The accuracy depends primarizy upon the 
accuracy with which the concentration of the standard cobalt solution 
is known. 
The accuracy of the method may be illustrated by the following 
typical results. Ten accurately measured vol'Wiles of standard 0.05'112 M 
CoSO~ solution, varying from 20.00 ml. to 5'0.00 ml., were delivered 
from a calibrated burette into separate 250 ml. beakers. To each 
sample, a sufficient volume of concentrated aqueous sodium tungstate 
solution was added to provide an atomic CozW ratio of 1:12. The samples 
were prepared and titrated as described below. Of the ten samples, 
seven were properzy prepared for titration (see text); the remaining 
three were neither completely clear nor of the proper hue (see text). 
The results, calculated in terms of molarity of the original solution, 
were: 
For the seven clear lavender-pink solutions: 0.05112, 0.05117, 
0.05115, 0.05110, 
0.05107, 0.05109, 
0.05108; 
Avg. • 0.05111 M 
For the three incorrectly-prepared solutions: 0.05073, 0.05068, 
0.05131; 
Avg. • 0.05091 M 
115' 
The standard deviation for the selected seven analyses is O.OOOOL, 
corresponding to less than ! 1 part per thousand. Even the worst of 
the other three results is within 1% of the true concentration. The 
precision is further illustrated by the results given for analyses of 
the tungstocobaltates. 
Sample Preparation: In most cases, an amount of sample sufficient 
to contain 1.0 - 1.25 millimoles of cobalt was weighed into a 250 ml. 
beaker and dissolved in LO to 50 ml. of water. (It was found that 
samples containing as much as 2.5 millimoles of cobalt could also be 
analyzed with comparable accuracy.) For some samples, addition of one 
ml. of concentrated HCl solution was required to effect complete dis-
solution. The solution was then heated and the heteropoly anion was 
decomposed b.1 addition of sufficient L M sodium hydroxide to neutralize 
the solution and to provide a 15 ml. excess of that reagent. To the 
mixture, 5 g. of ammonium tartrate was added to complex the tungstate1• 
The mixture was boiled for at least one minute and then allowed to cool 
10 or 15 degrees. It was cautiously treated with approximately 5.5 ml. 
of concentrated HCl. Usually, the addition of the acid resulted in the 
immediate dissolution of the precipitate of hydrous cobalt oxides and 
the development of a clear, very bright lavender-pink solution, which 
served as an unfailing indication that the sample was properly prepared 
for titration. The solution was maintained just below the boiling 
point for about ten minutes. In the few instances in which it was not 
then perfectly clear, the addition of a drop or two more of concentrated 
HCl usually caused clarification. 
1. H. H. Willard and H. Diehl, "Advanced Quantitative Analysis", 
D. Van Nostrand Co., Inc., New York, 19L3, p. 216. 
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The only exceptions to the behavior described above occurred when 
the sample contained Co(III). The last traces of precipitated hydrated 
cobaltic oxide sometimes required several hours of digestion for 
complete dissolution. Occassionally, such a sample appeared to be 
completely dissolved to give an orange-pink solution. When such a 
solution was titrated without addition of more acid and further di-
gestion, however, erroneous results were always obtained. 
When it was completely cool, the prepared sample was poured slowl1, 
and with continuous magnetic stirring, into a titration beaker con-
taining 100 ml. of concentrated ammonia solution, 100 ml. of water, and 
a measured volume of standard 0.1 M potassium ferricyanide solution 
sufficient to oxidize the sample and to require from 15 to 20 ml. of 
standard 0.05 M cobalt sulfate solution for back-titration. The 
titration was carried out amperometrically at room temperature with 
magnetic stirring. Calibrated burettes were used throughout. 
End-point Detection: A 50 mv. potential was impressed across a 
pair of platinum sheet electrodes, each 1 em~ in area. The potential 
was supplied from a 1.5 v. dry cell, through a 0.1 megohm resistor and 
an 8000 ohm potentiometer. A portable potentiometer (Rubicon Co., 
Model No. 2730 S) was used to measure the applied potential, although 
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the choice of 50 mv. as the polarizing potential was by no means critical. 
The end-point of the titration was detected by the rapid drop in current 
in the circuit, as registered by a sensitive galvanometer (Rubicon Co., 
Model No. JLOJ HH, 1100 ohms, sensitivity • 0.005 p./mm.). A galvan-
ometer shunt (Leeds and Northrup Co., Model 2116; 10,000 ohms) was used 
in parallel. It allowed the galvanometer sensitivity to be varied over 
a wide enough.range that the needle could be kept on scale throughout the 
titration, thus providing ample warning of the approach of the end-point. 
The actual magnitude of the current flowing at the end-point 
varied widely enough from sample to sample that the mechanical means 
of shifting the galvanometer zero did not provide sufficient range to 
ensure that the needle would always be on scale at the end-point. A 
current-compensator circuit similar to one described b,y Willard, Merritt 
and Dean1 (but without a condenser) was therefore added to provide a 
small variable counter-potential to reduce the current passing through 
the galvanometer. The components used in that portion of the circuit 
were a 1.5 v. dry cell, L3,000 ohm and 208 ohm resistors, and a 200 ohm 
potentiometer. 
For a reasonable range on either side of the end-point (although 
not in the immediate vicinity of the end-point), the current was pro-
portional to the concentration of the species in excess. End-points 
could be deduced graphically b.Y plotting galvanometer readings vs. 
burette readings on either side of the end point, and recording the 
intersection of the two extrapolated straight-line branches of the 
titration curve. With practice, however, it became easy to estimate 
the end-point directly from the galvanometer readings. Duplicate and 
triplicate end-points could be recorded by re-titrating additional 
small measured quantities of standard ferricyanide solution after each 
titration with cobalt sulfate solution, and the results always agreed to 
within one part per thousand of titrant. 
The sensitivity of the end-point detection depended in an important 
way upon the condition of the electrodes. Electrodes which had been 
1. H. H. Willard, L. L. Merritt, Jr. and J. A. Dean, "Instrumental 
Methods of Analysis", Second Ed., D. Van Nostrand Co., Inc., 
New York, 1951, p. 282. 
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used for several consecutive analyses became sluggish in response, 
and smaller current changes were observed, even though no deposit 
was visible on the electrodes and no precipitate was produced during 
the titration. The problem was completely eliminated by immersing the 
electrodes in hot aqua regia for 10 - 15 seconds after each titration. 
Preparation and Standardization of the Solutions: The potassium 
ferricyanide solution was prepared from material which had been twice 
recrystallized rapidly from hot water1 and dried at 100°C. Samples 
weighing 0.45- 0.55 g. were dissolved in 200 ml. of 7.4 M aqueous 
ammonia solution containing 2 g. of ammonium tartrate, and the re-
sulting solutions were titrated with standard cobalt sulfate solution, 
using the end-point detection method given above. The results all 
indicated that the recrystallized salt was 99.9% pure with respect to 
redox stoichiometry. A stock solution of this K3 Fe(CN) 6 was then 
prepared for use in the analyses. It was approximately 0.1 molar. 
Since aqueous K3Fe(CN) 6 solutions are only moderately stable, the 
stock solution was restandardized against the cobalt sulfate solution 
each time it was used. The standardization titration was carried out 
in 200 ml. of 7.4 M aqueous ammonia containing 2 g. of ammonium tartrate. 
Hall and Young2 recommended that the standard cobalt solution be 
prepared from cobalt nitrate and standardized by electrolytic deposition 
of cobalt. Because, however, shiny deposits of cobalt were not obtained 
under any of the conditions tried, and because previous evaluation of 
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1. I. M. Kalthoff and E. B. Sandell, "Textbook of Quantitative Analysis 11 , 
Revised Ed., Macmillan Co., New York, 1949, p. 624. 
2. A. J. Hall and R. S. Young, Chem. and Ind., .!!!!_, 394 ( 1946) • 
the electrodeposition procedures had indicated that their accuracy was 
limited, the standard solution in this work was prepared instead by 
dissolving and diluting to volume a weighed amount of anhydrous cobalt 
sulfate, specially prepared as described below. 
To prepare a nickel-free cobalt salt, chloropentamminecobaltichlor-
ide was prepared and purified by recrystallization1 as a first step. 
This compound forms in a state of high purityl,2. Fifty-five grams of 
this complex salt was then destroyed by digestion with concentrated 
sulfuric acid at elevated temperatures, and the excess acid was fumed 
off over a period of a day. The residue was taken up in 125 ml. of 
1 M sulfuric acid and filtered into 300 ml. of 95% ethanol, which 
caused the immediate precipitation of crystalline pink hydrated cobalt 
s~ate3. The salt was washed with 95% ethanol, air-dried, ground 
lightly, and ignited in an electric muffle furnace at L20°C.L until 
no more so3 fumes were observed. After cooling, it was treated several 
times with small amounts of water and re-ignited to remove the last 
traces of so3• No dark material appeared in the sample. The sample 
was ground and bottled. Portions were always re-ignited at L20°C. for 
short periods before being weighed out for the preparation of the 
standard solution. 
A sample of this CoSOL weighing 15.50L g. was dissolved in boiled 
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1. H. Biltz and w. Biltz, "Laboratory Methods of Inorganic Chemistry", 
Second Ed., (Adapted from the German by W. Hall and A. Blanchard), 
John Wiley and Sons, New York, 1928, p. 173. 
2. L. c. W. Baker and T. P. McCutcheon, Anal. Chem., 22, 9LL (1950). 
3. o. Tomi~ek and F. Freiberger, J. Am. Chem. Soc., 57; 801 (1935). 
L. A. G. Ostroff and R. T. Sanderson, J. Inorg. Nucl:-chem~z, L5 (1959). 
distilled water and diluted to volume in a 2-liter volumetric flask. 
The molarity of the solution b,y weight of cobalt sulfate was 0.05001. 
Titrations performed on the solution proved that the salt was of 
sufficient purity to serve as a standard: 
(1) Three acc.urately delivered samples (21.00 to 26.00 ml.) of 
the solution were quantitatively exchanged in columns packed with 
Dowex 50W-X8 (Dow Chemical Co.) cation exchange resin regenerated in 
1 the hydrogen cycle. The effluent solutions were titrated with co2-free 
standard 0.1020 M sodium hydroxide, with the aid of a Beckman Zeromatic 
pH Meter. C02-free air bubbling through the solution provided stirring 
and reduced interference from co2 in the air. The results, calculated 
in terms of molarity of solution, were: O.OL997 M, O.OL996 M, and 
0.05000 M; Average • O.OL998 M. 
(2) An accurately measured volume of 0.1006 N potassium ferricyan-
ide solution, which had been standardized iodometrically against a 
solution of sodium thiosulfate2, was titrated with cobalt sulfate 
solution by the amperometric method described above, and the titer of 
the cobalt sulfate solution was determined to be 0.0500 M. (The 
thiosulfate solution was standardized against an N.B.S. sample of 
potassium dichromate by an analogous iodometric titration method3.) 
1. Previous to use, the Dowex 50W-X8 (50-100 mesh, medium porosity) 
cation exchange resin used in all experiments reported in this 
thesis was carefully conditioned through about six cycles of 
alternate soakings in 2 M HCl and in distilled water. It was re-
generated in the appropriate cycle by the flow method using 2 M 
solutions (HCl, KCl, etc.). It was thoroughly rinsed with boiled 
distilled water, soaked for 2L to L8 hours in boiled distilled water, 
and rinsed again. The pH of the final effluent rinse was always 
identical (within 0.01 pH unit) with that of the influent rinse. 
2. I. M. Kolthoff and R. Belcher, "Volumetric Analysis", Vol. III, 
Interscience Publishers, Inc., New York, 1957, p. 236. 
3. I. M. Kolthoff and R. Belcher, ''Volumetric Analysis", Vol. III, 
Interscience Publishers, Inc., New York, 1957, p. 237. 
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(3) An accurately measured volume of the solution was treated 
with 2% NH3 solution and titrated directly
1 with a 0.01006 M 
solution (by weight) of the disodium salt of ethylenediaminetetra-
~2 
acetate, using murexide indicator. The error of the method, when carried 
out on microsamples, is quoted as "less than 1%", but it has been more 
2 
recently claimed that the error of many ethylenediaminetetraacetate 
titrations may be reduced from the l - 2% range to the range of tenths 
of a percent by purifying the reagent via a single recrystallization 
from ethanolic solution. The titer of the cobalt sulfate solution, 
estimated by titration with a solution of ethanol-recrystallized 
disodium ethylenediaminetetraacetate, averaged 0.0~98 M. 
These ethylenediaminetetraacetate titrations are not mentioned 
primarily to give support to the determination of the concentration of 
the CoSO~ solution, although they do add support to it. The estima-
tions from the weight of pure CoSO~ and from the ion-exchange titration 
are the most accurate means of establishing that concentration, and 
the result with ferricyanide rules out accounting for the data on the 
basis of the presence of other sulfates. As mentioned above, the 
ethylenediaminetetraacetate method had been previously evaluated in 
this work. In that work it was found that precision of the method, 
using ethanol-recrystallized reagent, is good on simple solutions of 
cobalt salts (within ~L parts per thousand) when a carefully fol-
lowed routine is developed and when the experimenter has experience in 
titrating to the same shade of the considerable indicator range. 
1. H. Flaschka, Mikrochemie, 39, 38 (1952). 
2. W. J. Blaedel and H. T. Kriight, Anal. Chem., ~' 7~1 (195L). 
However, the accuracy is not reliable because different routines yield 
average results which differ by a few parts per thousand. The presence 
of other salts usually disturbs the indicator behavior and causes 
inaccuracies. Some of the other problems which require empirical 
adjustments and cause the method to be inaccurate when applied to 
situations which have not been highly standardized are implied by the 
experimental procedures given by Welcherl. These factors are mentioned 
because the method has been used in recent researches on the magnetic 
behavior of cobalt complexes. 
2. Non-Tetrahedral Cobalt: 
The analytical method for determining non-tetrahedral cobalt is 
the same as that described above for total cobalt. The only additional 
procedure is the one by which separation of the tetrahedral cobalt 
from the non-tetrahedral (or "exterior") cobalt is effected. 
Both [co+2oLw12o36]-6 and [co•3oLw12o36]-5 anions are stable in 
dilute acidic solutions, while both [co+2o6co+2oLw12o32]-
8 and 
[co•2o6co•3oLw12o32]-7 anions are converted to the corresponding 
monocobaltate 12-heteropoly anions and hydrated Co(II) ions in 
solutions of sufficiently high acidity. All of the tetrahedral cobalt 
remains in the 12-heteropoly monocobalt anions which are formed. Thus, 
providing quantitative conversion can be effected, the problem can 
be reduced to a separation of cobaltous cations from heteropoly 
12-tungstocobaltate anions. The additivity of the analytical results 
1. F. J. Welcher, "The Analytical Uses of Ethylenediaminetetraacetic 
Acid", D. Van Nostrand Co., Inc.,Princeton, N. J., 1958, 
p. 230. 
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quoted in Chapter IV attests to the fact that both conversion and 
separation are quantitative when brought about by application of the 
procedures described below. 
i [ +2 +2 ]-8 For salts of the 12-tungstodicobaltoate an on, Co o6co OLW12o32 , 
samples of a size sufficient to contain 1.0 - 1.25 mmole. of non-
tetrahedral cobalt were weighed into a small beaker and dissolved in 
100 ml. of 0.1 M HCl. The solutions were percolated through a 50 ml. 
burette partially packed with Dowex l-X2 (Dow Chemical Co.), a strong-
base anion exchange resin. The resin had been conditioned as previously 
described, regenerated in the chloride cycle with 2 M HCl, and rinsed 
as previously described. (The standard BX resin does not absorb 
12-tungstocobaltate anions, probably because they are too large to 
penetrate the resin network.) After the heteropoly anions had been 
removed from solution by the resin, the columns were washed with about 
100 ml. of 0.1 M HCl at a slow flow rate. (The first portions of 
the acid wash solution dislodged more non-tetrahedral Co(II) from 
the anionic species held on the resin. It would therefore probably 
have proved advantageous to dissolve the original samples in solutions 
of slightly higher acidity.) 
The combined effluent and wash solutions were concentrated on a 
hot plate, and analyzed as described in part 1 above under "total 
cobalt". The results given in Chapter IV show that all of the tetra-
hedral cobalt was retained in heteropoly anions on the anion exchange 
column, while all of the non-tetrahedral cobalt appeared in the ef-
fluent and wash solutions. 
The conversion of 12-tungstocobaltocobaltiate anion, [co+2o6co+3o4 
w12o32J-7, to 12-tungstocobaltiate and hydrated Co(II) ion is a slower 
process, requiring higher acidities. Samples of salt sufficient to 
contain 1.0 - 1.25 mmole. of non-tetrahedral cobalt were weighed out 
and dissolved in 100 ml. of 0.1 M HCl solution. The solutions were 
maintained just below the boiling point for several hours, but the 
procedure effected only partial conversion. Conversion of the un-
reacted 12-tungstocobaltocobaltiate anions was completed after they 
were fixed on the anion exchange resin column, by washing the column 
with 0.25 M sulfuric acid. The combined effluent and wash solutions 
were concentrated on a hot plate, and analyzed for cobalt as above. 
3. Tetrahedral Cobalt: 
The reversibility and the magnitude of the oxidation-reduction 
potential of the 12-tungstocobaltoate - 12-tungstocobaltiate pair 
were established by experiments which are described in Chapter IV, 
Section c. The accessibility of the heteropoly anion systems to 
stoichiometric redox reactions in a practical range of potential, and 
the rapid rate of the reactions, made possible direct titrimetric 
analyses for both tetrahedral (or "interior") Co(II) and tetrahedral 
(or "interior") Co( III). 
In either case, a sample containing about 0.75 mmole. of tetra-
hedral cobalt was dissolved in 100 ml. of 0.5 M sulfuric acid in a 
titration beaker. Titrant (Ce(IV) or Fe(II)) was delivered from 
calibrated 10 ml. burettes, and the end-point was determined potentio-
metrically by the use of polarized platinum electrodes. All EMF 
measurements carried out for analytical purposes were made with a 
Beckman Zeromatic pH meter, which has a source of polarizing potential 
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and which can be used as a simple potentiometer. Magnetic stirring 
was used throughout all titrations. 
Salts of either the [co+3o4w12o36]-5 or the [co+2o6co+3o4w12o32]-7 
anion were potentiometrically titrated in sulfuric acid solution with 
0.1 N ferrous sulfate solution. The titrant solution was prepared by 
dissolving hydrated ferrous sulfate in 0.3 M sulfuric acid, and was 
sta.rrlardized daily by potentiometric titration against standard 0.1 N 
eerie ammonium sulfate solution1• 
Figure III-1 shows some curves obtained in the potentiometric 
titration of equal aliquots of a solution of K5[cooUN12o36] with 
several different electrode systems. Curve "A" was obtained with a 
platinum foil indicator electrode and a saturated calomel reference 
electrode; curve "B" was obtained with two platinum electrodes 
polarized from the source within the instrument; curve 11C" was obtained 
with a bimetallic electrode pair, platinum and tungsten. The cor-
respondence of the inflection points is clear. Polarized platinum 
electrodes were selected for routine use because they responded rapidly 
even near the end-point, and because the end-point was then convenient 
to observe. 
[ +2 ] -6 [ +2 +2 ] -8 Salts of either the Co o4w12o36 or the Co o6co 04w12o32 
anion were titrated potentiometrically with a standard 0.1 N solution 
of eerie ammonium sulfate in 0.5 M sulfuric acid. This eerie sulfate 
solution had been aged for several weeks and filtered before being 
1. W. C. Pierce and E. L. Haenisch, "Quantitative Analysis", Third 
Ed., John Wiley and Sons, Inc., New York, 19L8, p. 257. 
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Figure ni-l 
Potentiometric Titration or K5[co•3ohw12o36J, in 0.5 M 
H2SOL Solution, with 0.1 N FeSOL Solution. 
Ordinate: Potential, in millivolts. 
Abscissa: Volume ot titrant, in milliliters. 
Curve A: Platinum toil indicator electrode an::J saturated 
KCl-caloJDel rererence electrode. 
Curve B: Polarised platinum electrodes. 
Curve C: Billletallic electrodes a platiDmll and tungsten. 
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standardized against electrolytic iron both potentiometrically and 
with ferroin indicator1• 
Figure III-2 shows a typical curve obtained in a potentiometric 
titration of a solution containing KsH[co•2o~w12o36], using polarized 
platinum electrodes and the Zeromatic pH meter. Although a sharp 
differential-type curve was not obtained for the Ce(IV)-heteropoly 
anion system, it was possible to determine the end-point with good 
precision as the position of the maximum of the curve. No further 
experimentation with other electrode s,ystems was carried out because 
of the satisfactory results of the experiments described immediately 
below, which tested the precision of the end-point for this titration. 
The results given in Chapter IV, Section B, show that carefully 
prepared, purified, analyzed samples of K5[CoO~W12o36]•nH2o gave 
identical results upon analysis for total cobalt and for tetrahedral 
cobalt, using the methods described above. In those experiments 
three separate samples were analyzed for total cobalt and two separate 
samples were analyzed for tetrahedral cobalt. The mean results agreed 
within one part per thousand. 
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Then two accurately weighed samples of the analyzed Ks[CoO~W12o36J·nH2o 
were dissolved in 50 ml. portions of water, each containing one or two 
ml. of 3 M H25C~ solution. Both samples were potentiometrically 
titrated with standard ferrous sulfate solution, polarized platinum 
electrodes being employed. After titration, each solution was passed 
through a column packed with Dowex-50 cation exchange resin, which had 
1. W. C. Pierce and E. L. Haenisch, "Quantitative Analysis", Third Ed., 
John Wiley and Sons, Inc., New York, 19~8, p. 257; p. 221. 
Figure III-2 
Potentiometric Titration of Ksff[Co+2o~w12o36J, in 0.5 M 
Hi>O~ Solution, with Ceric Ammonium Sulfate Solution 
and Polarized Platinum Electrodes. 
Ordinate: Potential, in millivolts. 
Abscissa: Volume of titrant, in milliliters. 
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been carefully regenerated in the H+ cycle and thoroughly rinsed. 
The passage through the exchange column served to remove the excess 
reducing agent quantitatively, while leaving the heteropoly anions 
complete~ reduced. The flow-rate for the exchange step was L.5 ml./ 
em. 2/min. Each column (approximately 30 em. of resin in a 25 ml. 
burette) was washed with 60-70 ml. of water containing one ml. of 3 M 
sulfuric acid solution, the wash solution being received directly 
into the beaker containing the effluent from the exchange column. 
After addition of 30 ml. of 3 M sulfuric acid to bring the total 
sulfuric acid concentration to 0.5 M or more, the solutions were 
potentiometrically titrated with standard eerie ammonium sulfate 
solution. Polarized platinum electrodes were used. For both oxidation 
and reduction titrations, the percentage of tetrahedral cobalt was 
calculated from the volume of titrant required to produce the maximum 
potential difference between the electrodes. The results, given 
below, show that the use of the maximum potential difference (see 
Fig. III-2) for the end-point of the oxidation titrations with eerie 
ion gives results which agree very well with those obtained from the 
reduction titrations, for which the end-point is excellent. 
Averages for samples weighing approximately 2.L g.: 
Total Co, corrected for moisture content: 1. 780% 
Co in tetrahedral sites, determined by reduction titration 1.780% 
Co in tetrahedral sites, determined by oxidation titration 1.779% 
The foregoing tested the precision of the end-point of the oxidation 
titration method. The results of use of the method with all of the 
heteropoly compounds containing Co(II) in tetrahedral sites are given 
in Chapter IV. The method was successful with all of the compounds 
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except when used for the analysis of tetrahedral Co(II) in barium 
12-tungstocobaltoate (see Chapter IV, Section A, part 3). When the 
dissolved sample of that salt was acidified with sulfuric acid, 
precipitation of BaS04 occurred and anomalous high titration results 
were obtained. .Acidification with nitric acid (to an approximate final 
acid concentration of 1 M) resulted in a slight decomposition of the 
sample, while acidification with hydrochloric acid (to a final volume 
of about 125 ml., 0.8 Min HCl) caused a considerable amount of 
precipitation and anomalously low results. 
B. Potassium 
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Potassium was separated and weighed as potassium tetraphenylborate1' 2, 
after drying at 110°C. 
Samples of a size sufficient to contain 12 - 15 mg. of potassium 
were weighed into 250 ml. beakers, and dissolved in 150 ml. of distilled 
water containing 0.5 ml. of concentrated HCl. To each solution, 50 ml. 
of 0.6% sodium tetraphenylborate solution (Which had been clarified 
with a small amount of reagent-grade aluminum hydroxide and filteredl' 2) 
was slowly added with stirring. The volume of reagent solution 
represented a considerable excess over the stoichiometric amount of 
tetraphenylborate, but it was found that some of the reagent was 
oxidized by the central atom of the heteropoly anion in those cases 
in Which the central atom was Co(III). .After being allowed to settle 
for a few minutes, the precipitates were filtered on dried, weighed, 
Selas porcelain filter crucibles (fine porosity), and washed with small 
1. G. H. Gloss, Chemist-Analyst, 42, 50 (1953). 
2. W. Geilman and W. Gebauhr, z. aiial. Chem., ]12, 161 ( 1953). 
portions of water which had previously been saturated with potassium 
tetraphenylborate. The precipitates were dried for a half-hour at 
110°C., cooled in a desiccator, and weighed. 
In the analysis of barium 12-tungstocobaltoate for undisplaced 
potassium, the barium was first precipitated as barium sulfate. The 
solution and BaSO~ precipitate were digested for seven hours, and the 
latter was then filtered off on a dried weighed Selas porcelain filter 
crucible. Potassium was then determined in the filtrate in the fashion 
described above. 
It was found that there was no interference from the tungstocobaltate 
anions under these conditions, other than the above-mentioned oxidation 
of some of the reagent. The method was completely successful when 
the reagent solution was prepared from fresh Baker's Analyzed Reagent 
Grade sodium tetraphenylborate. 
c. Barium 
Barium was precipitated as barium sulfate, and weighed after 
ignition at 800°C. To decrease possible contamination of the BaSO~ 
precipitate by BawD~, the samples were first decomposed and the tungsten 
separated as insoluble dehydrated tungstic acid. After the tungsten 
precipitate had been redissolved and reprecipitated, the combined 
filtrates were analyzed for barium. 
Samples containing approximately o.~ g. of barium were weighed 
into ~00 ml. beakers, dissolved in 150 ml. of water, and heated to 
near-boiling. Fifteen to twenty ml. of 12 M HCl was added to each 
solution, and the resulting mixtures were digested for many hours in 
order to bring about extensive decomposition of the anions. Yellow 
tungstic oxide precipitated. When the characteristic blue color of 
the anion was no longer evident in the supernatant liquid, the mixtures 
were diluted to their original volume and digested for two more hours. 
The last traces of dissolved tungstate and undecomposed~eropoly 
anion were precipitated by adding 5 ml. of a 10% solution of cinchonine 
in 3 M HCl. The decomposed samples were allowed to cool to near room 
temperature, and were filtered through S&S blue-ribbon filter paper. 
After thorough washing with dilute cinchonine wash solution1 , each 
precipitate was transferred back to its original beaker, treated with 
6 M sodium hydroxide, and diluted to about 150 ml. Each sample was 
then heated to boiling again, and treated with 10 ml. of 12 M HCl 
and several ml. of the 10% cinchonine solution in order to reprecipitate 
the tungsten. The procedure described above for cooling, filtering, 
and washing the precipitates was again followed. The filtrates from 
the first and second precipitations were combined and evaporated 
nearly to dryness on a hot plate in order to remove most of the large 
quantity of HCl present. 
Each of the slurries so obtained was dissolved in pure water and 
diluted to 400 ml. Each sample solution was then heated nearly to 
boiling, and treated with approximately 50 ml. of 2% sodium sulfate 
solution, added dropwise, with stirring. After several hours• digestion, 
the BaS04 precipitates were filtered off on dried, weighed, Selas 
filter crucibles, washed well with warm water, ignited at 800°C., 
cooled and weighed 2 • 
1. See Tungsten Analysis, Section E of this Chapter. 
2. I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative In-
organic .Analysis", Revised Ed., Macmillan Company, New York, 
1949, pp. 338-341. 
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The major error which can arise in the method of sample treatment 
outlined above would seem to be the premature separation and removal 
of barium as insoluble barium tungstate with the wo3 precipitate, 
leading to a low result for barium. To cast more light on this situ-
ation, a separate determination was carried out, in a single case, 
without preliminary removal of tungsten. A large weighed sample of 
barium 12-tungstocobaltoate was dissolved in pure water. The solution 
was heated and the barium precipitated by dropwise addition of slightly 
more than the calculated amount of 3 M sulfuric acid. After being 
digested for several hours, the precipitate was filtered off, washed, 
and ignited as described above. Before ignition, the washed precipitate 
was faintly but clearly blue, suggesting that some heteropoly anions 
had also been carried down, and that a high result would be obtained. 
The analysis carried out in this fashion indicated 10.86% barium, 
compared with the 10.69 and 10.67% obtained after separation of tungsten. 
In view of (1) the relatively small difference in results obtained 
by the two methods, (2) the blue color of the precipitate obtained by 
the second method and the high ionic weight of the blue heteropoly 
anion, and (3) the further possibility of the separation of some of 
the barium as BaWO~ in the second method, it may be assumed that no 
significant loss of barium was incurred in the first of the two 
procedures outlined above. 
D. Nitrogen 
Micro-determinations for nitrogen were carried out by a pro-
1 fessional analyst • The Dumas method was used to evolve the nitrogen 
as nitrogen gas, which was measured volumetrically. 
1. Dr. Stephen M. Nagy, Microanalytical Laboratory, Mass. Institute of 
Technology, Cambridge, Mass. 
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E. Tungsten 
Tungsten was separated and weighed as tungstic oxide1, after 
ignition at 750°c. 2• 
Samples of a size sufficient to produce 0.8 - 1.0 g. of tungstic 
oxide were weighed into 250 ml. beakers and dissolved in 75 ml. of 
water, one ml. of concentrated HCl solution being added to ensure 
complete dissolution of the sample. The solutions were heated to 
about 80°C., and treated with 10 ml. of 6M sodium hydroxide, which 
decomposed the heteropoly anions rapidly. Each hot mixture was 
cautiously neutralized with concentrated HCl solution and a 10 ml. 
excess of acid was added to precipitate insoluble tungstic acid. 
When the entire procedure was carried out in hot solution, usually 
only a few minutes' digestion was required to dehydrate the precipitate 
to dense yellow tungstic oxide. After dehydration had been effected, 
8 ml. of a 10% solution of cinchonine in 3 M HCl was added to 
precipitate traces of tungstate remaining in solution. The mixture 
was allowed to cool to room temperature, and was filtered through 
S&S blue-ribbon filter paper. The traces of tungstic oxide which 
adhered to the beaker walls were dissolved in a few ml. of water 
containing 1 - 2 drops of 6 M sodium hydroxide. The solution was 
neutralized with dilute hydrochloric acid, heated to boiling, pre-
cipitated with one ml. of the cinchonine solution, and filtered 
through the same filter paper. The combined precipitate was then 
carefully washed with a wash solution, prepared by diluting a mixture 
1. R. B. Moore et al, "Analytical Methods for Certain Metals", Bureau 
of Mines Bulletin, u. s. Dept. of the Interior, 1923, p. 158. 
2. H. H. Willard an:i H. Diehl, "Advanced Quantitative Analysis", D. 
Van Nostrand Co., Inc., New York, 19L3, p. 218. 
.J...)f 
of 15 ml. of the 10% cinchonine solution and 15 ml. of 12 M HCl to 
a total volume of 500 ml. The precipitate and paper were dried, 
ignited in a platinum crucible at 750°C. in an electric muffle 
furnace, and weighed. 
In the case of the barium salt, several different procedures were 
used to verify the separation of barium from tungsten. The first 
tungsten percentage reported in the table of analytical results 
(Chapter IV) represents the result obtained after a dissolved sample 
of the salt had been passed through a cation exchange resin in the 
hydrogen cycle, in order to remove barium ions. The second percentage 
represents the result when no extra precautions were taken to prevent 
the separation of some barium with the precipitate. The third 
percentage is the result after the tungstic oxide precipitate was 
redissolved and reprecipitated. The close agreement is strong 
indication that no more than traces of barium are coprecipitated with 
tungsten when the procedure described above is used. 
F. Nickel 
Nickel was separated, dried and weighed as nickel dimethylglyoxime1• 
Samples containing approximately 30 mg. of nickel were weighed 
into clean ~00 ml. beakers, dissolved in water, and each solution was 
diluted to 200 ml. The solutions were heated to near-boiling and were 
made slightly ammoniacal to ascertain the absence of substances 
insoluble in ammoniacal medium. After cooling, the solutions were 
rendered slightly acidic by addition of dilute hydrochloric acid, and 
1. W. F. Hillebrand and G. E. F. Lundell, "Applied Chemical Analysis", 
John Wiley and Sons, Inc., New York, 1929, pp. 315-317. 
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were re-heated to 80°C. To each sample, 20 ml. of filtered 1% 
solution of dimethylglyoxime in 95% ethanol was added. Dilute aqueous 
ammonia was then added to each solution dropwise until the precipitation 
of nickel was complete. Each precipitate was digested one hour on a 
hot plate and, after a test for completeness of precipitation, was 
filtered through a dried, weighed, porous porcelain filter crucible 
(medium porosity). After thorough washing with hot water, the pre-
cipitates were dried in an electric oven at ll0°C., cooled, and 
weighed. 
G. Copper 
Copper was separated and weighed as copper after rapid elec-
trodeposition on weighed platinum gauze electrodes1• 
Samples containing approximately 0.35 g. of copper were accurately 
weighed and dissolved in 100 ml. portions of water in tall-form 
beakers. To each solution were added 0.5 ml. of boiled concentrated 
nitric acid solution, 1 ml. of concentrated sulfuric acid solution 
and 1 drop of 0.1 M HCl. The sample solutions, while constantly 
stirred, were electrolyzed at L amps., using a Sargent-Slomin 
Electrolytic Analyzer. Completeness of deposition was tested by 
adding some water to raise the level of the solution, and continuing 
electrolysis for 10 minutes. The electrodes were then rinsed with 
distilled water as the beaker was lowered prior to its removal from the 
electrolysis apparatus. The cathode was rinsed in ethanol and dried 
in an electric oven at l05°C. for 10 minutes; the anode was rinsed in 
1. H. H. Willard, N. H. Furman and C. E. Bricker, "Elements of Quanti-
tative Analysis", Fourth Ed., D. Van Nostrand Co., Inc., 
Princeton, New Jersey, 1956, pp. Ll9-L21. 
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water and also dried in the oven at lO~C. Both electrodes were 
weighed, and the percentage of copper was computed from the gain in 
weight of the cathode. 
H. Total and Ferrous Iron 
Iron was determined volumetrically by titration with 0.1 N eerie 
ammonium sulfate solution which had been standardized against electro-
lytic iron1' 2• 
For total iron analysis, samples containing approximately O.lL g. 
of iron were accurately weighed into 500 ml. Erlenmeyer flasks and 
l.LO 
dissolved in 10 ml. of concentrated HCl solution. The solutions were 
heated to boiling and reduced with stannous chloride solution2• The small 
excess of stannous chloride was oxidized with 5% mercuric chloride 
2 
solution after the samples had been cooled. After several minutes, 
more HCl was added and the solutions were diluted to 300 ml. and 
titrated with standard eerie ammonium sulfate solution. Ferroin 
indicator was used. 
Samples for analysis of ferrous iron were dissolved in 50 ml. of 
cold 2.5 M HCl solution, diluted to 250 ml. and titrated immediately 
with 0.1 N eerie ammonium sulfate solution using ferroin indicator. 
J. Mercury 
Mercury was analyzed both (1) gravimetrically as Hgs3, and 
(2) volumetrically by titration with standard KCNS solutionL, without 
1. W. c. Pierce and E. L. Haenisch, "Quantitative Analysis", Third 
Ed., John Wiley and Sons, Inc., New York, 19L8, p. 257. 
2. Ibid., p. 221. 
3. W. F. Hillebrand and G. E. F. Lundell, "Applied Inorganic Analysis", 
John Wiley and Sons, Inc., New York, 1929, pp. 17L-5. 
L. Ibid., p. 173. 
liJl 
prior separation from cobalt. 
1. Gravimetric Analysis: Samples of a size sufficient to contain 
0.2 g. of mercury were accurately weighed into 500 ml. Erlenmeyer 
flasks and each was decomposed by heating first with 3 ml. of 1:2 
nitric acid, then with 2 ml. of concentrated sulfuric acid. The 
samples were heated until fumes of so3 were observed. After the 
addition of 10 ml. of concentrated HCl solution, each sample was diluted 
to 350 ml. and saturated with H2s. The HgS precipitates were filtered 
off on fine-porosity sintered glass filter funnels and washed with 
acidulated hydrogen sulfide water. The filtrates were boiled to 
remove H2S and set aside for cobalt analysis. 
Each HgS precipitate was dissolved by treatment with 11 ml. aqua 
regia in a clean beaker. In each case the filter crucible was carefully 
rinsed into the beaker, to which more water was added to make a total 
volume of 200 ml. Solid Na2co3 was added until the solution was 
nearly neutral, whereupon an excess of freshly-prepared ammonium 
sulfide solution1 was stirred in. Ten percent sodium hydroxide 
solution was added until the fine precipitate of mercuric sulfide began 
to dissolve. The mixture was heated to boiling and enough 10% NaOO 
solution was added to dissolve the precipitate completely and give a 
clear yellow solution. After filtration through S&S blue-ribbon 
filter paper, the solution was treated with 25% ammonium nitrate 
solution and boiled to expel most of the ammonia, whereupon the fine 
black particles of HgS settled out. The precipitate was filtered 
1. W. F. Hillebrand and G. E. F. Lundell, "Applied Inorganic Analysis", 
John Wiley and Sons, Inc., New York, 1929, Footnote, p. 175. 
through a dried, weighed, porous porcelain filter crucible (fine 
porosity). It was then washed in turn with hydrogen sulfide water, 
warm water, ethanol, and carbon disulfide. A carbon disulfide ex-
traction was carried out to ensure complete removal of sulfurl. The 
precipitate was finally washed with ethanol and ether, and dried for 
2 hours at 110°C. 
2. Volumetric Analysis: Samples containing 0.16- 0.18 g. of 
mercury were accurately weighed into 250 ml. Erlenmeyer flasks and 
were decomposed as described above. To each decomposed sample was 
added 100 ml. of 1.6 M nitric acid. 
Each sample solution was treated with sufficient 5% KMnOL solution 
to impart a pale pink color, in order to ensure complete oxidation of 
nitrous acid and of mercurous ions. The excess oxidant was destroyed 
by addition of ferrous sulfate solution. Two ml. of indicator 
solution (made by "bleaching" saturated ferric al'WD. solution with 
concentrated nitric acid) was added, and the solution was titrated 
with 0.06 M potassium thiocyanate solution until a distinct intensifi-
cation of orange-pink color was observed to persist. 
The potassium thiocyanate solution was prepared from C. P. reagent 
which had been twice recrystallized from water and fused for several 
minutes at l90°C. 2• Its titer by weight was o.o5565 M; its titer by 
standardization against solutions containing equimolar amounts of 
mercury and cobalt was 0.05562 M. The solutions for standardization 
1. W. F. Hillebrand and G. E. F. Lun:iell, "Applied Inorganic Analysis", 
John Wiley and Sons, Inc., New York, 1929, Footnote, p. 175. 
2. I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative Inorganic 
.Analysis", Revised Ed., Macmillan Company, New York, 19L9, p. 569. 
were prepared by dissolving accurate~ weighed 0.17 g. samples of pure 
mercury in 20 ml. of 1:1 nitric acid, diluting to 100 ml., and adding 
0.2L g. Co(N03)2·6H2o and 2 ml. ferric alum indicator solution. 
K. Comparative Test for Cationic Cobalt 
The following test was used as part of the program to find better 
ways of purifying the heteropoly dicobaltoate salts (see Chapter IV, 
Section D). It was carried out after each recrystallization of every 
preparation, in order to keep track of the decrease, if any, in 
percentage of excess (i.e., uncomplexed) Co(II). Although it was later 
found that this test gave estimates of the absolute percentages of 
excess Co(II) which were incorrect by a factor of about 3, the test 
was reliable on a comparative basis, and was useful for evaluating 
the effects of different purification techniques. 
A 0.25 g. sample (containing approximately 70 micromoles) of the 
material to be tested was dissolved in 12 ml. of a solution containing 
one drop of glacial acetic acid per 100 ml. of water. To the solution 
lL3 
was added 10 ml. of a suspension of cinchonine. The cinchonine suspension 
had been prepared by adding 6 M NaOH to a solution of cinchonine in 
3 M HCl until the pH was near 7, and making the final adjustment to 
pH 7 with dilute NaOH solution. The mixture of cinchonine suspension 
and heteropoly salt solution was stirred until all of the heteropoly 
anions were precipitated {as indicated by the color of the supernatant 
liquid). The mixture was filtered through a medium-porosity sintered 
glass filter funnel, and the filtrate, containing the uncomplexed 
Co(II) , was subsequently concentrated to one-half of its volume and 
tested as described below. In cases in which a negative test was 
obtained, the filtrate was further concentrated and retested. 
To a 1 ml. portion of the concentrated filtrate, contained in a 
small test tube, 2 drops each of 1 M NaOH and 3% H2o2 were added. The 
concentration of excess cobalt in the original sample was estimated 
from the intensity of the resulting yellow to brown coloration. 
Comparison standards prepared from diluted standard CoSO~ solution 
with no added heteropoly salt indicated that the test could easily 
detect 0.25 micromoles of Co(II) contained in 12 ml. of solution, an 
amount of Co(II) equivalent to less than o.~ mole percent in the amount 
of heteropoly salt used (70 micromoles). When the test was performed 
on standard CoSO~ solutions containing appropriate weights of 
KsH[co+2o~w12o36], however, the sensitivity was markedly lower. In 
order to produce the same intensity of color as when no heteropoly 
anions were present, the equivalent of approximately 3 mole percent of 
Co(II) was required. When the test was performed on heteropoly 
dicobaltoate salts, the sensitivity was again lowered, by about 1/3 
(as shown b,y subsequent quantitative analyses), and the reproducibility 
of the results decreased somewhat. It is probable that both of those 
effects arose from other factors, associated with the conditions 
(pH, quantity of acid, temperature, etc.) under which the excess cobalt 
may remain associated with the anion when in solution. 
L. Silicon 
Silicon in potassium tungstocobaltosilicate was determined by 
volatilization of SiF~ after decomposition of the sample, which was 
effected by two different methods. 
Method 1: The sample (over 3 g.) was weighed directly into a 
platinum crucible, and ignited at 750°C. After cooling, it was treated 
with about 0.5 ml. of concentrated nitric acid solution, carefully 
warmed to evaporate the acid, re-treated with another 0.5 ml. of 
concentrated nitric acid, and ignited at 750°C. after the acid had 
been carefully evaporated away. After cooling for a few minutes in 
the desiccator, the decomposed sample was accurately weighed. Several 
drops of concentrated nitric acid solution and 5 ml. of concentrated 
hydrofluoric acid solution were then added to the crucible, which was 
placed in an air bath in a hood and carefully warmed until all of the 
HF had been expelled. After treatment with a few more drops of nitric 
acid, the sample was again dried in the air bath and reignited at 
750°C. in an electric muffle furnace. The percentage of silicon was 
computed from the loss in weight of the sample. 
Method 2: Decomposition of the sample was brought about by the 
method of Perillon1, which is recommended1' 2 for samples with a very 
large tungsten : silicon ratio. A 2 g. sample was accurately weighed 
into a platinum boat, and was ignited in a stream of dry HCl gas in 
an electric furnace at approximately 600°C. Ignition was stopped after 
all the tungsten had been volatilized. The sample was cooled, and 
carefully transferred to a platinum crucible. It was treated with a 
few drops of concentrated sulfuric acid, heated until no more so3 fumes 
were observed, and ignited at 1000°C. After cooling in a desiccator, 
1. F. P. Treadwell a.rxi W. T. Hall, "Analytical Chemistry", Vol. II, 
Quantitative Analysis, Seventh Ed. , John Wiley and Sons, Inc., 
New York, 1930, pp. 277-278. 
2. "Inorganic Syntheses", Vol. I, H. S. Booth, Editor, McGraw-Hill 
Book Co., Inc., New York, 1939, p. 131. 
the crucible was accurately weighed and the sample treated as described 
under 1~ethod 1" above for the volatilization of silica, with the 
exception that a few drops of sulfuric acid were used in place of 
the nitric acid. After the silica had been removed, the sample was 
again ignited at 1000°C. , cooled, and weighed. The percentage of 
silicon was calculated from the loss in weight. 
M. Test for Detection of Hydrogen Peroxide 
The ability of hydrogen peroxide to act as a reducing agent in 
neutral or slightly acidic solutions is the basis of a very sensitive 
spot test for hydrogen peroxide1• Less than 1 microgram of H2o2 
ll.J6 
causes reduction in a dilute solution containing Fe(III) and [Fe(CN) 6]-3, 
producing blue reduction products. 
It was experimentally found that when test solutions which also 
contained Co(II) were added to neutral reagent solution, the cobalt was 
immediately precipitated as a brown ferricyanide compound, and a blue 
color rapidly developed, giving a false positive test. It was also 
found that addition of acid to the reagent solution decreased the 
rate at which the false-test blue color developed in the presence of 
Co(II). The pH of the reagent solution was therefore adjusted until 
the addition of dilute Co(II) solution did not lead to development of 
a blue color for at least one hour. 
A sample of K7[co+2o6co+3o~w12o32 ] was dissolved in 0.5 M H2so~ 
to produce a solution containing ~30 mg. of heteropoly salt per ml. of 
solution. On the basis of the analytical results quoted in Chapter IV, 
1. F. Feigl, "Spot Tests", Vol. I, Inorganic Applications, Elsevier 
Publishing Co., New York, 195~, pp. 326-327. 
Section E, part 1, it was calculated that if all of the excess 
oxidizing power of the compound were available as hydrogen peroxide 
through hydrolysis of peroxy borxis, the solution contained the 
equivalent of nearly 7 micrograms of H2o2/ml • 
.A comparison solution was prepared, containing 5 micrograms of 
H2o2/ml. and also a sufficient weight of K5[co+3o4w12o36] for a 
concentration of heteropoly salt equimolar to that of the test solution. 
The latter was added to ensure that the oxidizing action of tetra-
hedral Co(III) did not interfere with the test. 
A second comparison solution was also prepared by diluting 0.05 M 
coS04 solution until its molarity equalled that of the test solution 
of 12-tungstocobaltocobaltiate and of the comparison solution 
containing 12-tungstocobaltiate. 
To equal volumes of reagent solution on a spot plate, two drops 
of each of the comparison solutions and of the test solution were 
added. .After one hour, no blue color had appeared in the comparison 
solution containing Co( II) • During the same time, there was a slow 
development of blue color in the second comparison solution containing 
H2o2 and [Co+3o4w12o36]-5, but absolutely no blue color in the test 
solution. Therefore it was concluded that the small amount of excess 
oxidizing power exhibited by the potassium 12-tungstocobaltocobaltiate 
sample could not be explained by the presence of H2o2 impurities. It 
seems probable that no peroxide was present in solutions of the sample. 
This will be discussed in Chapter IV, Section E. 
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CHAPTER IV. EXPERIMENTAL EVID~I FOR ES'l'.lBLISBMENr OF THE CHEMICAL 
DlDTITIES OF 1'HE COMPLEIES1 THEIR GEBERAL STRUCTURFS ARD 
PROPERTIES 1 Am THE STATES OF PORI'l'I OF THE SALTS AND ACIDS. 
The evidence reported in this chapter provides either the complete 
basis, or the major p.rt of the basis, tor the following deductions which 
will be elaborated iD subsequent chapters: 
1. The toraulas or the two aonocobaltate anions .re: [co•2ohw1i>36J•6 
and [ce•3ohw12o36J-5. 
2. The structure of the two (iaostructural) 12-tungstomonocobaltate 
anions is based on a central tetrahedral grouping of oxygen atoms 
around the cobalt atom. 
3. In an aqueous solution saturated with sodi'Wil sulfate, the 12-tungsto-
cobaltoate anion is of high thel'IIOdynamic stability constant and 
consists of one empirical formula unit per anion. 
h. The two aonocobaltate anions may be rapidlJ' am reversiblJ' inter-
converted by' redox reagents, the oxidation state of the cobalt atom 
changing in the process. The formal oxidation potential in 0.5 M 
sultaric acid solution is -1.07 ! 0.02 volts. 
5. The structure of two (isostructural) 12-tungstodieobaltate anions is 
based on a central tetrahedral grouping of oxygen atoms aroun:l the 
Co(II) or Co(III), and contains in addition an octahedral Co(II)06 
group: [co•2oe;eo•~w12o32r8 and [co•2o~o+3ohw12o32J-7. 
6. The 12-tungstodicobaltate anions each exhibit an exchange interaction 
in solution, probably between Co06 and CoOh vi thin the same anion. 
7. A new type of mixed heteropoly anion, tungstocobaltosilicate, which 
has been prepared and partially elucidated as part of this work, 
exhibits reactions markedly analogous to those of the 12-tungsto-
dicobaltates. 
The evidence pertaining to each of the four tungstocobaltates and to 
the tungstocobaltosilicate is presented in five separate sections below, 
and an additional section is included which describes the measurements of 
oxidation potential for the monocobaltate pair. Unless it is specifically 
stated to the contrary, it is to be assumed that all experiments described 
in this and in subsequent chapters were performed on those analyzed 
samples for which the preparations and analyses are reported below. 
Only a small portion of the preparative variations actually carried 
out, and of the analyses which had to be performed to test them, will be 
described in this Chapter. The purification procedures and parts of the 
preparative methods described below represent only the final results 
of an extensive program directed toward the development of: (1) ways of 
improving the purity of the compounds, with particular emphasis on the 
removal of excess cobalt, and (2) methods of elucidating the states of 
purity of the compounds, also with particular attention to the amounts 
of cobalt in different oxidation states present in sites of octahedral 
and tetrahedral symmetry. The program was undertaken in order to provide 
a sound basis for the study of the magnetic properties and of the visible 
and near-infra-red spectra of the compounds. Both sets of properties 
arise primarily from the cobalt atoms, and both are heavily dependent 
upon the exact chemical and geometrical environment of the cobalt atoms. 
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The problem of devising analytical methods (especially for cobalt) 
which could reveal the state of purity of the various preparations with 
some exactness was considerable. The successful development of 
analytical methods for determining the percentages of Co(II) and Co(III), 
in octahedral sites, in tetrahedral sites, or in the combinations 
encountered in the compounds, has been reviewed in the preceding chapter. 
The varying extents to which the effort to make very pure compounds 
was successful are indicated by the analytical results given below for 
the various compounds. It was eventually possible to prepare salts and 
acids of both 12-tungstomonocobaltate anions in a state of high purity. 
The preparation of 12-tungstodicobaltate salts in a state of reasonable 
purity presented considerable problems, not all of which have been 
overcome. The reasons for the difficulties lie in the fundamental 
structural nature of the compounds, which was elucidated by the work 
described in this dissertation (and which will be explained in the 
Discussion Chapter). The difficulties could not have been predicted, 
and grappling with them provided, in itself, essential basic knowledge 
for clarification of this fundamental category of compounds. 
A. 12-Tungstocobaltoates. 
No direct method has been found for the preparation of 12-tungsto-
cobaltoate anions from cobaltous ions and tungstate ions. Salts of the 
anion m~ be prepared by indirect means, from corresponding salts of the 
12-tungstodicobaltoate anion1• 
1. Preparation of the Parent Salt, Potassium 12-Tungstodicobaltoate: 
A solution was prepared by dissolving 396 g. (1.2 moles) of Na2W0~·2H2o 
1. L. C. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc.,~' ~503 (1956). 
1.51 
in 800 ml. of water to which had been added approximately 80 ml. of 
glacial acetic acid. A separate solution was made by dissolving ~9.8 g. 
(0.2 mole) of Co(CH3coo) 2 ·~H2o in 2.50 ml. of water containing several 
drops of glacial acetic acid. Both solutions were heated to boiling, 
whereupon the cobaltous acetate solution was added to the sodium tungstate 
solution slowly and with continuous stirring. After all of the cobaltous 
acetate solution had been added, the resulting deep green solution was 
boiled for ten minutes more, and was filtered while hot to remove 
traces of insoluble matter. The solution contained th~ highly soluble 
sodium salt of the 12-tungstodicobaltoate anion1• 
The impure potassium salt was best prepared by heating the filtered 
solution of sodium 12-tungstodicobaltoate to boiling, and adding a hot 
solution containing 200 g. of potassium acetate in 50 ml. of water and 
2.5 ml. of glacial acetic acid. Tiny green cubes of potassium 12-tungsto-
dicobaltoate began to separate immediately, and were filtered off rapidly 
and washed with a small amount of cold water. 
2. Preparation of Potassium Monohydrogen 12-Tungstocobaltoate, 
K_5H[Co+2o~wl2036]•15H20: The unrecrystallized potassium 12-tungstodi-
cobaltoate, prepared as described above, was dissolved in about 1300 ml. 
of a solution containing 1.50 ml. of 12 M HCl solution, which caused both 
conversion of the anions to Co{II) and 12-tungstomonocobaltoate anions, 
and precipitation of most of the tungstate impurities as hydrated 
tungstic acids. After standing at room temperature for at least half an 
hour, the mixture was filtered, and the filtrate concentrated on a hot 
1. L. C. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc., 78, ~.503 (1956). 
plate to the appearance of crystals. It was again filtered. The ex-
tremely soluble, blue-green needle-like crystals which deposited as the 
solution cooled to room temperature were filtered off and recrystallized 
twice from pure water. 
To remove the large amount of excess cobalt which persisted through 
the recrystallizations, the salt was dissolved in pure water (about 
150 g. per liter of water) and passed through a large column of cation 
exchange resin, regenerated in the K+ cycle, at a flow rate of about 
5 ml./cm. 2/min. The resin used for the purpose was Dowex 50W-X8 
(Dow Chemical Co.), $0-100 mesh, medium porosit~. The effluent heteropoly 
salt solution was concentrated by distilling off the water under reduced 
pressure into a receiver surrounded by a dry ice-acetonemixture. A warm 
water bath was used for heating the solution. Distillation was stopped 
when enough solid had separated to cause bumping despite the use of a 
heavy-duty magnetic stirrer. The mixture was warmed until all of the 
solid redissolved, and the resulting very dense solution was filtered 
through a medium-porosity sintered glass filter funnel. The filtrate 
was made 0.6- 0.1 Min HCl by the addition of 6M HCl, and left in a 
refrigerator overnight. The large yield of prismatic needle-like crystals 
was recrystallized once more from hot water, air-dried, and analyzed 
quantitatively. (When acid was not added to the concentrated solution, 
an extremely soluble, highly hydrated, nearly amorphous solid of the same 
color as the needles was observed to separate. The solid may have been 
the normal potassium salt.) 
1. See footnote, Chapter III, Section A, part 1 of this thesis, p. 121. 
Tetrahedral cobalt: 1.742% 
Total cobalt: 1.743, 1.741% 
Tungsten: 65.62, 65.60, 65.57, 65.63% 
Potassium: 5.737, 5.749% 
Water (by loss of weight at 280° c.; performed 2 
months after the above analyses): 7.68, 7.70% 
Avg. • 1.742% 
1.742% 
65.60 % 
5.743% 
7.69% 
153 
K2H[Co04w12o36]•15H2o requires: Tetrahedral cobalt • Total cobalt • 1.748%; 
Tungsten • 65.43%; Potassium • 5.798%; Water of crystallization • 8.01%. 
The analysis may be represented by the formula: 
K4. 97H1•03[Co04W12o36]•0.073W03•1L.76 H2o, wherein all elements for which 
analyses were not performed are represented as water calculated by difference. 
Further justifications for the acid-salt formula will be presented below in 
the sections on potentiometric titrations and dehydration experiments. 
The new and much less soluble barium salt was prepared by adding a hot 
solution of 75 g. of BaC12•2H20 in 150 ml. of water to a hot filtered solution 
of 85 g. of pure potassium 12-tungstocobaltoate in about 100 ml. of water, and 
allowing the resulting solution to cool to room temperature with occasional 
stirring. Approximately 75 g. of barium 12-tungstocobaltoate was filtered 
off after an hour and recrystallized from 55-6o ml. of boiling water. The 
crystals exhibited a reasonably large temperature coefficient of solubility 
and crystallized cleanly as well-defined cube-octahedra. The salt showed 
much less tendency toward efflorescence than the potassium analogue. Large 
crystals (over 1 em. across) were grown with no difficulty. Quantitative 
analysis showed that the composition of the product could be represented by 
1.5L 
all elements for which analyses were not performed are represented as water, 
calculated by difference. 
Analysis of Ba3[cooLw12o36]•15H20: 
Tetrahedral cobalt: 1.6.56; 1.6L3 (HN03)*; 1.620 (HCl)* 
Total cobalt: 1.6Ll, 1.637, 1.63L% 
Avg. • 1.6L % 
Tungsten: 61.77, 61.80, 61.73% 
Barium: 10.67, 10.69, 10.86% 
Potassium: o.L2% 
Water (by difference): 
" (by tungsten analysis after ignition at 300°C.): 7.99% 
1.638% 
61.77 % 
l0.7L % 
o.L2 % 
7.59 % 
7.99% 
Ba3[CoOLw12o36]•15H2o requires: Tetrahedral cobalt • Total cobalt • 1.6L3%; 
Tungsten • 61.50%; Barium • ll.L9%; Water • 7.53%. 
L. Preparation of 12-Tungstocobaltous Acid: The ion exchange technique 
was used to prepare a solution of the pure heteropoly acid1• A solution 
containing 28 g. of barium 12-tungstocobaltoate in 700 ml. of water was 
passed through a column packed with the cation exchange resin, Amberlite 
IR-120 (Rohm and Haas Co.). The resin had been conditioned2, regenerated2 
in the hydrogen cycle, and thoroughly rinsed2• The flow rate used was 
2.5 ml./cm. 2/min. The effluent was analyzed for tungsten and tetrahedral 
cobalt, and the molarity of the solution was calculated on the basis of 
each: 
* Variants of the analytical method are discussed in Chapter III, Section A, 
part 2. 
1. L. c. W. Baker, B. Loev and T. P. McCutcheon, J. Am. Chem. Soc., 72, 
237L (1950). --
2. See footnote, Chapter III, Section A, part 1 of this thesis, p.lll. 
On the basis of tungsten: 0.01071, O.Ol070M. 
On the basis of tetrahedral Co: 0.01010, 0.01069, O.Ol070M. 
Avg. • O.Ol070M. 
Potentiometric titration with standardized co2-free 0.1 M NaOH solution, 
which is described in Section 5 below, indicated that the acid had 5.9~ 
replaceable hydrogen ions on the basis of the above analysis. 
The solution showed no sign of decomposition after seven weeks' 
storage in a brown glass bottle. Several portions kept in pyrex beakers 
covered with watch glasses deposited small amounts of tungstic oxide 
after several weeks, however. 
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5. Determination of the Charge of the Anion: The analytical results 
given above fix the ratio of cobalt to tungsten atoms within the anion, 
and the ratio of numbers of cations to numbers of anionic cobalt atoms. 
The potentiometric titrations described below (and in some succeeding 
sections) fix the charge of the anion, thereby also showing that the anion 
must contain forty oxygen atoms, provided no constitutional water is present. 
A Beckman Zeromatic pH meter was used in all potentiometric titrations 
with sodium hydroxide which are reported in this chapter (Sections A-5, 
B-~, D-~, E-2). The titrant in all cases was co2-free 0.1 M NaOH 
solution prepared with boiled distilled water, standardized potentiometrically 
against N.B.S. potassium acid phthalate, and stored in a paraffin-coated 
flask fitted with an ascarite-packed air inlet. Because some of the 
titrations required several days for completion, the top of the burette 
was also provided with an ascarite-packed tube. Magnetic stirring was 
maintained by means of a Thermo-Stir heater-stirrer (Peninsular Mfg. Co., 
Orlando, Fla.), with which it was possible to maintain elevated temperatures 
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to within tl°C. for those titrations which were performed above room 
temperature. All titrations at elevated temperatures were performed with 
a Beckman No. 8990-90 high-temperature amber glass electrode and a special 
over-sized saturated-KCl calomel electrode. For all of the high-temperature 
titrations carried out in open beakers, approximately constant volume 
(about 110 ml.) was maintained by addition of water. 
In parts of many of the titrations, the pH continued to change for 
a long time after the addition of each increment of sodium hydroxide 
solution. Therefore, for each point, the pH was recorded only when five 
minutes• stirring failed to cause a detectable change in pH. 
The charge on the 12-tungstocobaltoate anion was determined by a 
back-titration techniquel, applied to solutions of the barium salt and of 
the potassium acid-salt. Weighed samples ofheteropoly salt were dissolved 
in boiled distilled water, and each was treated with a considerable 
measured excess of standard 0.1 M NaOH solution. The resulting mixtures 
were boiled for about two minutes to ensure complete decomposition of 
the anions, allowed to cool, and back-titrated with standard 0.1 M HCl 
solution. End-points were determined potentiometricallyl in some cases, 
and with phenolphthalein1 in the remaining cases. The inflection point 
in the pH curve for the back-titration with acid indicates the first 
isopoly polymerization reaction of wo~·· 
The results are given below, in terms of the numbers of moles of 
alkali required to degrade one mole of heteropoly salt. 
BaJ[CoO~Wl20J6]•15 H20: 
1. Phenolphthalein end-point: 18.15, 18.3_2, 18.15, 18.12, 18.l_L, 
17.85 Avg. • 18.1 
1. u. c. Agarwala, Doctoral Dissertation, Boston University, 1960, p. 56. 
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2. Potentiometric end-point: 0.6022 g. sample, dissolved, decomposed 
with 50.00 ml. 0.09~~ M NaOH, back-titrated with 0.116 M HCl: 17.9 
K5H[CoO~W12o36]•15H2o: 
1. Potentiometric end-point: 0.5516 g. sample, dissolved in 50 ml. 
water, decomposed with 50.00 ml. 0.1017 M NaOH, back-titrated 
with 0.1019 M HCl; inflection point at 18.7~ ml. HCl: 
-Moles of NaOH to neutralize acid hydrogen ions (vide infra):- 1.32 
18.13 
On the basis of the above-quoted results for several different back-titrations, 
it is concluded that in the presence of excess alkali, the degradation 
reaction requires 18 moles of base per mole of compound, and therefore the 
anion charge is -6: 
Several potentiometric forward titrations were also carried out which 
provide additional proof for the assignment of -6 as the anion charge: 
a) A 25.00 ml. aliquot of 0.01070 M 12-tungstocobaltous acid, diluted 
to 110 ml., was potentiometrically titrated at 68°c. and approximately 
constant volume with 0.1020 M NaOH. The first inflection point in the 
titration curve, "An of Fig. IV-1, occurred when 15.58 ml. of alkali had 
been added (5.9~ moles per mole of heteropoly acid). The free acid is thus 
hexabasic. 
b) A sample of barium salt weighing 0.9631 g. was titrated, at 70°c. 
and constant volume, with 0.1006 M NaOH. The titration curve, nB" of 
Fig. IV-1, clearly shows that the barium salt, containing three barium ions 
per heteropoly anion, is a normal salt. 
c) A sample of potassium acid-salt weighing 0.860~ g. was dissolved 
Figure IV-1 
Potentiometric Titrations of 12-Tungstocobaltoates 
with 0.1 M NaOH Solution. 
Curve A: Titration of 0.002L3 M H6[coOLW12o36] with 0.1020 
M NaCII, at 68°C. and approximately constant 
volume. 
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Curve B: Titration of 0.00233 M Ba3[coOLW12o36] with 0.1006 
M NaOH, at 70°C. and approximately constant 
volume. 
Curve C: Titration of 0.0025L M K5H[Co0Lw12o36J with 0.1017 
M NaOH, at 6500. under co2-free air. 
Curve D: Partial titration, with 0.1017 M NaOH, of solution 
at ~ 27°C. containing K~[CoOLw12o36J which 
had been dehydrated at l~ooc. 
Curve E: Titration of Ba3[coOLw12o36] by back-titration 
technique at room temperature. 
Ordinate: pH meter readings. 
Abscissa: Moles of NaOH per gram-atom of 
tetrahedral cobalt. 
(The right-hand inflection points for curves A, B, and C do not 
occur at precisely the theoretical positions in these forward 
titrations, for reasons discussed in the text. However, 
back-titrations, as illustrated by Curve E, are not subject 
to these difficulties, and hence the inflection points 
corresponding to complete degradation of the anions coincide 
with theoretical predictions.) 
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in 100 ml. of boiled distilled water. It was titrated at 65°C. with 
0.1017 M NaOH solution, in a covered beaker with co2-free air bubbling 
through the solution. Curve "C" in Fig. IV-1 represents the results 
obtained in the titration. The first inflection point corresponds to the 
neutralization of 1.32 gram-ions of hydrogen ion per mole of heteropolY 
compound. Curve "D" in the same figure represents a partial titration 
carried out at 27°C. on 18 ml. ~f solution containing a sample of the 
potassium acid-salt which weighed 0.1369 g. after it had been dehydrated 
by five days' heating at 180°C. The inflection point, which occurred 
when 0.55 ml. of NaOH solution had been added, corresponds to 1.27 gram-
ions of hydrogen ion per mole of heteropoly compound. 
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All of the forward titrations involving 12-tungstomonocobaltate anions 
were very slow, requiring four d~s for the complete tracing of each curve, 
even at the elevated temperatures employed. 
The amount of hydroxide required to decompose the heteropoly anion 
under the conditions of a forward titration appeared to vary. The second 
inflection point in the titration curve of the free acid occurred at 
16.9 moles of base per gram-atom of cobalt, that for the barium salt 
occurred at 16.7 moles, and that for the potassium acid-salt at 16.1 
moles of alkali per mole of heteropoly compound (beyond the amount 
required for neutralization of replaceable hydrogen ions). The color of 
the precipitate which formed in the degradation reactions was not that of 
hydrous Co(II) oxide, and a test on a water-washed sample of the 
precipitate showed that it contained a large amount of tungstate ion. It 
is probable that when insufficient alkali is present, the limiting 
degradation reaction forms cobaltous tungstate: 
[CooLw12o36]-
6 
+ 16 OH- CoWOL + 11 woL• + 8 H2o. 
6. Demonstration of Absence of Constitutional Water in the Anion: 
The experiments described above established the ratio of cobalt atoms to 
tungsten atoms within the anion as 1:12, and the charge of the anion as 
-6. Those data fix the number of oxygen atoms within the anion as forty, 
so long as the anion contains no constitutional water; i.e., the anion 
formula must be either [Co0LW12o36J-6 or [CoOLW12o36+~2nJ-6• The 
experiments related in this section (and in the subsequent section B, 
part 5) demonstrate that neither the 12-tungstocobaltoate anion nor the 
isomorphous 12-tungstocobaltiate anion contains constitutional water, and 
therefore that there are exactly forty oxygen atoms and no hydrogen atoms 
in each anion. 
Dehydration experiments were performed upon analyzed samples of both 
K5ff[CoOLW12o36]·nH20 and Ba3[CoOLW12o36J•nH 2o. 
a. The potassium acid-salt was studied by heating in an electric 
oven: (1) an unstoppered weighing bottle containing a weighed sample of 
ground material, and (2) a similar bottle containing a weighed sample of 
unground material. The weight-loss for each was determined after various 
periods of time at different temperatures. A third sample was subjected 
to exactly the same treatment at the same time, but was used only to test 
the water solubility of the partially dehydrated salt after each period 
of heating. 
Establishing the status of the anion with respect to the possible 
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presence of constitutional water requires that the weight-loss in important 
stages of the dehydration experiments be known to within at~ 1/3 mole 
of water per mole of compound. Because of the high molecular weight of 
these heteropo~ salts, that number of moles of water represents a change 
of less than 0.2% in the weight of a very finely-divided, dehydrated, 
l~ 
hygroscopic sample. In order to obtain meaningful results, care had to 
be exercised to avoid adsorption of water by the samples. Therefore, before 
the weighing bottles were removed from the oven (or furnace), their lids 
were fitted tightly in place. The closed bottles were then cooled in a 
desiccator for no more than 30 minutes, and were quickly weighed on a 
Mettler single-pan semi-micro balance. 
The results for the two samples of KsH[Coo4w12o36]·nH2o are represented 
in Table IV-1 below. The first columns indicate the temperature and duration 
of each successive heating period. The next columns give the actual weights 
of both samples following each heating period. The last numerical columns 
give the cumulative weight-loss in terms of moles of water per mole of 
heteropoly salt, calculated on the basis of the actual chemical analysis. 
In making the calculations, all of the weight-loss was attributed to water, 
and it was assumed that no other chemical changes occurred which involved 
changes of weight. These assumptions were substantiated by the lack of 
changes in color and solubility as indicated in Table IV-1. 
The act of grinding one of the samples caused the material so treated 
to lose a small amount of water of hydration before the experiment. The 
sample weight for the ground material in Table IV-1 below is the actual 
weight of the slightly dehydrated salt, but the calculations of numbers 
of water molecules of hydration were made with reference to the corresponding 
weight of fully hydrated salt. 
On the basis of the chemical analyses for Co, K, and W, it had been 
calculated by difference (Section 2, above) that for each mole of salt, 
there were 14.76 moles of water in the crystals. (The latter number 
includes, as an equivalent weight of water, all impurities and substances 
for which analyses were not performed.) The results of the potentiometric 
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titration, however, showed that the formula should be represented with 1.32 
rather than 1.0 replaceable hydrogen ions, thereby lowering the calculated 
number of moles of water of hydration to a ma.ximwn of 14.62. (If the 
assumption is made that for all of the excess hydrogen (or potassium) ions 
the preparation contained an equivalent number of chloride ions, the 
calculated number of moles of water of hydration per mole of compound is 
reduced to 14.17.) 
Table IV-1. Dehydration of K5H[Co04W12o36]•15H2o 
Moles of H 0 
T(°C.) 
Volatilize5/ 
Time Sample Weight Mole of Salt Solubility Test 
(hrs.) #1. #2. #1. #2. 
1.2913 1.4305 0.53 Completely and rapidly soluble 
to give typical blue solution. 
115 23 1.1940 1.3263 14.12 14.14 tt tt n II 
+55 1.1934 1.3257 14.21 14.21 II It It tt 
135 38.5 1.1931 1.3253 14.25 14.27 II 
" " 
II 
150 8 1.1931 1.3253 14.25 14.27 II 
" " 
II 
+21 1.1930 1.3252 14.27 14.28 u II II II 
180 20 1.1929 1.3250 14.28 14.31 u 
" " 
II 
+48 1.1927 1.3250 14.31 14.31 II 
" " " 
280 6 1.1922 1.3243 14.38 14.40 Almost completely soluble; 
+13 1.1921 1.3243 14.40 14.40 small amount of white residue; 
blue solution with very slight 
greenish cast. 
36o 9 1.1881 1.3196 14.98 15.01 Complete decomposition to 
+9 1.1881 14.98 highly insoluble brown powder. 
"'650 0.1 1.1881 14.98 
0.5 1.1870 1.3192 15.12 15.05 
It appears that the samples were completely undecomposed and nearly 
anhydrous after being heated at 180°C. A partial potentiometric titration 
of a small sample which had been heated at l80°C. for 120 hours (see Curve ''D ", 
Fig. IV-1, in Section 5 above) showed that the compound was still an 
acid-salt and required essentially the same number of equivalents of 
alkali for neutralization of replaceable hydrogen as it had before de-
hydration. Further, the table shows that only about one-tenth of a mole 
of water of hydration had been retained per mole of salt after prolonged 
heating at 115°C. 
16~ 
Prolonged heating at 280°C. resulted in a very slight amount of 
decomposition, while heating at 360°C. resulted in the complete decomposition 
of the compound. The total weight-loss accompanying the decomposition 
corresponded to the expulsion of 0.67 and 0.70 moles of water per mole of 
compound. The agreement of the latter result with the deduction from 
the potentiometric titration, that the preparation contained 1.32 
replaceable hydrogen ions per anion (Fig. IV-1), proves that the last 
weight change arose from the expulsion as water of the acid hydrogens 
with oxygen obtained from the accompanying decomposition of the anion, 
rather than from the loss of constitutional water from the anion. 
b. The technique1 used for the study of the barium salt involved 
heating a finely-ground portion of the analyzed compound in an electric 
oven, and periodically removing samples for tungsten analysis. From the 
increase in tungsten content, the percentage of volatile substances 
(taken to be water) could be calculated. 
For these tungstocobaltates, in which each water molecule contributes 
only about 0.5% to the molecular weight of the salt, this method may not 
lead to high precision in determination of the numbers of molecules of 
water of hydration. A small error in determination of tungsten content 
corresponds to a much larger relative error in moles of water content. 
1. L. c. W. Baker, G. Foster, W. Tan, F. Scholnick and T. P. McCutcheon, 
J. Am. Chem. Soc., ]1, 2136 (1955). 
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Usually tungsten analyses are precise only to several parts per thousand. 
In the particular case of the barium salt, the accuracy is expected to be 
somewhat lower because the wo3 precipitates were not doubly precipitated 
(see Chapter III, Section E). The error should be in the direction of 
high tungsten analyses (through occlusion of barium), leading to high 
estimates of the amount of water volatilized. In view of the possible 
errors, the results given below suggest strongly, but do not prove, 
that the barium salt can be completely dehydrated without total decomposition 
of the anion. The compound was not ignited at a temperature high enough 
to cause its complete decomposition. 
Molecules of 
T(°C.) Time Sample %W Hydrate Water 
(hrs.) Size Remaining 
115 150 1.1826 66.10 1.97 
0.9211 65.96 2.37 
115 b60 1.2353 65.9b 2.bl 
1.1273 65.99 2.28 
135 130 o.8b7o 66.03 2.16 
200 6 1.1482 66.23 1.59 
1.3195 66.29 l.b2 
300 7 1.3355 67.02 -0.60 
1.6082 67.26 -1.26 
Solubility Test 
Almost completely soluble; 
small amount of white 
residue; solution had 
characteristic blue color. 
II n .. It 
II II II II 
Slight increase in proportion 
of white residue. 
Increase in proportion of 
residue to "'20% of sample; 
solution still had character-
istic blue color. 
7. Absorption Spectrum of the Anion in Solution: The absorption 
spectra of numerous solutions both of the barium salt and of the potassium 
acid-salt were recorded on a Beckman DK-1 spectrophotometer. The instrument 
recorded absorbance as a function of wavelength. The molar absorptivity 
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(molar extinction coefficient, ~) was calculated from the absorbance (A) by 
making use of the formula: E ·c~ , where c • molarity of the solution and 
d • thickness of the layer of solution in em. Frequencies in cm.-1 units 
were calculated from the wavelengths. 
One em. silica cells were used except as noted below, and the 
solution concentrations ranged from 1.00 x lo-2 M in the near infra-red 
to 2.00 x 10-5M in the ultra-violet region. The absorptivities obtained 
with solutions of different concentrations overlapped continuously, 
except for minor differences at ,..., 3LO m)l and i"J 500 lll}l• In both these 
cases, the absorbance of the more dilute solution was quite low, and the 
corresponding error in estimation of E large. Most of the solutions 
were prepared by dissolving accurately weighed samples directly in sodium 
acetate-acetic acid buffer solutions in volumetric flasks. The only 
exceptions were in the cases of solutions in pure water and a solution in 
dilute perchloric acid, as described below. 
With only one exception {see following paragraph), all of the 
solutions of 12-tungstocobaltoate salts gave exactly the same spectrum 
ten days after they were first prepared. 
Ba3[coOLw12o36]z The spectra of solutions of the barium salt in sodium 
acetate - acetic acid buffers of pH • 2.3, L.l, and 5.9 were recorded. 
Also recorded was the spectrum of a solution having pH • 2.3, which had 
been prepared by dropwise addition of dilute perchloric acid solution to 
a solution of the barium salt in pure water. No immediate effect of pH 
or of solution medium could be detected in the spectra, which were 
identical within instrumental error. After 17 days, however, the solution 
buffered at pH 5.9 showed a small white deposit (possibly barium tungstate 
or barium paratungstate) and a slight overall proportional decrease in 
absorbance. The spectrum shown in Fig. IV-2 was plotted from the curves 
Figure IV-2 
(Identical spectra were recorded for solutions 
of several concentrations, buffered at pH's 
of 2.3 and ~.1) 
Ordinate: Frequency, in units of 103 cm.-1• 
Abscissa: Logarithm of molar absorptivity (molar 
extinction coefficient}. 
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recorded far both the acetate buffer solution of pH ~.1 and the perchloric 
acid solution of pH 2.3. 
As will be explained in the Discussion Chapter, there was reason to 
expect another absorption band of low intensity in the region between 
2000 and 3000 mp. However, no evidence for such a band was found in the 
infra-red spectrum of a sample of dehydrated barium 12-tungstocobaltoate 
which had been ground and pressed into a KBr pellet. The latter spectrum 
was recorded from 2.5 to 7 p on a Perkin-Elmer Model 237 infra-red 
recording spectrophotometer. 
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K5H[CoO~W12o36J: Spectra of dissolved samples of the potassium acid-salt in 
sodium acetate (0.3 M) - acetic acid (1.0 M) buffer solutions of pH ~.2 
were recorded. Fig. IV-3 shows the spectrum on a logarithmic scale of 
absorptivity over the entire wavelength region recorded. Fig. IV-~ reproduces 
the crystal field portion of that spectrum, with absorptivity plotted on a 
linear scale. 
In connection with the search for the aforementioned lower frequency 
absorption band, it was found possible to use the DK-1 spectrophotometer 
to examine qualitatively the spectra of aqueous solutions in the wave-
length region from roughly 2100 to 2~00 mp. Concentrated solutions 
(usually 0.1 M, but also up to 0.7 M) were used, in cells with a 1.0 mm. 
light path. The 1.0 rnm. cells were obtained by inserting 0.900 em. 
silica spacers into the 1.000 em. silica cells. Although there was 
considerable solvent interference, it was possible to deduce, by 
comparison with the spectra of concentrated solutions of potassium salts 
of the isostructural 12-tungstoailicate and 12-tungstocobaltiate anions 
recorded under the same conditions, that solutions of the potassium acid-
salt absorb weakly in the longer wave-length regions. The approximate 
Figure IV-J 
(The spectra at wave-lengths less than 1320 ~ 
were recorded for solutions of several concen-
trations, buffered at pH L.2. Above 1320 m~, 
the spectra were recorded for aqueous solutions 
of several concentrations.) 
Ordinate: Frequency, in units of 103 cm.-1. 
Abscissa: Logarithm of molar absorptivity (molar 
extinction coefficient). 
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Figure IV-L 
Crystal Field Absorption Spectrum of K5H[CoOLW12o36] in Solution. 
(The spectra at wave-lengths less than 1320 m~ 
were recorded for solutions of several concen-
trations, buffered at pH L.2. Above 1320 m~, 
the spectra were recorded for aqueous solutions 
of several concentrations.) 
Ordinate: Frequency, in units of 103 cm.-1. 
Abscissa: Molar absorptivity (molar extinction 
coefficient). 
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location and intensity of the absorption in that region is shown by the 
small peak, indicated by a dotted line, in the lower left-hand corner of 
Fig. IV-L. The exact shape, height, and location of the absorption band 
components were obscured by solvent effects and through instrumental 
limitations. 
The measurements with 1.0 mm. path lengths involved very small 
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volumes of solutions. This made the direct estimation of concentration 
difficult. Therefore the values of molar absorptivity in the 2200 m~ range 
were estimated by comparison with absorbances in the region of the next 
absorption band (950- 1550 m~), where the molar absorptivities were known 
for dilute aqueous solutions. It was found that, between 950 mp and 1320 ~' 
the spectrum of a concentrated aqueous solution {0.1 M in a 1.0 mm. cell) 
could be exactly superimposed on the spectra of dilute buffered solutions 
in 1.000 em. cells. Above 1320 mp, however, the spectra recorded with 
1.000 em. cells differed from those recorded with 1.0 mm. cells. The 
difference consisted of the presence of a shoulder, when the l.OOOcm. 
cells were used, on the low-frequency side of the low-frequency absorption 
band. The shoulder was resolved into a distinct band when the intensity 
of the rest of the spectrum was lowered by dilution (e.g., to less than 
1 x lo-3 M), because the intensity of this unexplained band was not 
decreased proportionately by the dilution. Experiments with solutions of 
several concentrations, covering approximately a 10-fold change of 
concentration, showed that Beer's law was followed in that wavelength 
region when the 1.0 mm. cells were used, but Beer's law was not foll~wed 
when the 1.000 em. cells were used. It is felt that the unexplained 
shoulder was spurious, very possibly resulting from some instrumental 
error. This view finds further support in the fact that the unexplained 
absorption band appeared in all spectra taken for the compounds discussed 
herein when the 1.000 em. cells were used. It also appeared when the 
spectrum of CoS04 solution was run with those cells. The usual spectrum 
of Coso4 remained when this unexplained absorption band had been 
subtracted. 
For these reasons, the spectrum recorded in Fig. IV-3 for wave-
lengths above 1320 m~ was that obtained using the 1.0 mm. cells (that 
is, the unexplained absorption shoulder is not included). Below 1320 m~ 
the spectra obtained with the two sets of cells were identical. The size 
of the unexplained shoulder can be estimated by comparing Fig. IV-3 with 
Fig. IV-2. The latter is for Ba3[Co04W12o36J solution and was taken 
entirely with 1.000 em. cells. The probably spurious shoulder has not 
been subtracted from Fig. IV-2. 
The spectrum of a saturated solution of the potassium acid-salt in 
wet acetone (about 1 part water to 20 parts acetone), in 10.00 em. 
D5 
silica cells, was also recorded over the wave-length range 1500 - 1000 m~ 
on the DK-1 spectrophotometer. The spectrum was very similar to that of 
dilute aqueous solutions, but there were two differences: (a) the relative 
intensity of the shoulder at 1050 m~ was greater than in aqueous solutions, 
and (b) the components observed at 1250 ~ in aqueous solution showed a 
slightly greater resolution into two separate components, with maxima at 
approximately 1210 and 1280 m~. No further studies of acetone solutions 
were made. 
8. Cryoscopic Determination of the Number of Empirical Formula Units 
Per Complex in Aqueous Solution Saturated with Sodium Sulfate, and Stability 
of the Complex Therein: The principles and experimental techniques of 
fused hydrate cryoscopy have been described in considerable detail 
1 
elsewhere • In the presence of solute particles, the depression of the 
transition point for: 
is directly related to the total concentration of all solute molecules 
and ions when the solute concentration is extrapolated to infinite 
dilution, with the exception that H20 molecules, Na+ ions, and soL• 
ions produce no contribution to the extrapolated molar depression. Pope 
and Baker2 have shown that the values of (~ t/c) O for all of a large c~ 
number of ions {other than Na+ or SOL j are very close and average 1.93 
degrees C./ molarity, when a standard experimental procedure is followed 
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and when c is the molarity of the original aqueous heteropoly salt solution 
to which sodium sulfate was added in the standard procedure. 
A solution was prepared by percolating a solution of 
KsH[CoOLW12o36]·15H2o through two columns packed with Dowex 50W-X8 cation 
exchange resin, regenerated in the Na+ cycle. The concentration of the 
effluent solution was determined by duplicate tungsten analyses to be 
0.0652 M on the basis of the formula Na6[coOLw12o36]. No potassium was 
detected by a flame test on the solution. Determinations of the depression 
of the sodium sulfate decahydrate transition point were made with the 
original solution and with two other solutions prepared by quantitative 
dilution of the original solution. The values of ~t/c against c, shown 
in Fig. IV-5, extrapolate to 1.9L at infinite dilution. Thus the anion 
is a monomer of the formula given above. 
In an earlier set of experiments, determinations of the depression 
of the sodium sulfate decahydrate transition point were made with several 
1. G • .A.. Tsigdinos, Doctoral Dissertation, Boston University, 1961, 
pp. 13-17 and pp. 81-87. 
2. M. T. Pope and L. c. w. Baker, Private Communication, 1959. 
Figure IV-5 
Molar Depressions of Sodium Sulfate Decahydrate Transition Point. 
Ordinate: ~ t/c, in Centigrade-degrees/molarity. 
Abscissa: c • molarity of original aqueous heteropoly 
salt solution to which Na2so~ was added in the standard procedure. · 
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solutions containing a mixture of the sodium and potassium salts of 
12-tungstocobaltoate. The solutions were prepared by dilution of an 
effluent obtained by passing a solution of analyzed KsH[CoO~w12o36] 
once through a Na + cycle cation exchange column. Those incompletely 
converted solutions gave positive tests for potassium. The results for 
that set of experiments are shown as individual points on Fig. IV-5. 
Although the presence of the potassium ions added a constant amount to 
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each 6. t/c value, the entire set of points falls on a straight line which 
shows no sign of upward curvature at the lowest concentration, 7.78 x lo-3 M. 
It is thereby seen that the anion is stable in saturated sodium sulfate 
solution to a concentration below 0.008 M, in the sense that it is not 
involved in equilibria with significant concentrations of smaller dis-
sociation fragments, the equilibrium proportion of which would increase 
with dilution. If even a quite small proportion of such dissociation 
fragments had formed, an upward curve in the e.t/c vs. c plot would have 
been expected. The stability of the complex is striking because the 
method is very sensitive to formation of dissociation fragments and also 
because so~· ion (present in large proportion) is a good Bronsted base. 
Base would be expected to favor dissociation of the heteropoly complex. 
B. 12-Tungstocobaltiates 
1. Preparation of Potassium 12-Tungstocobaltiate, K5[coO~w12o36]•1IH2o: 
Impure potassium 12-tungstodicobaltoate was prepared as described above 
(Section A, part 1). The unrecrystallized salt was stirred into 250 ml. 
of 2 M sulfuric acid solution, and the mixture was allowed to stand an 
hour with occasional stirring. It was then filtered to remove the 
insoluble tungstic acids, heated, and treated with about 25 g. of 
potassium persulfate, added in several portions. Following the addition 
of the last portion, when no further effervescence occurred upon continued 
boiling, the hot yellow-brown solution was filtered quickly and allowed 
to cool. The yellow prismatic needles of desired product which separated 
were mixed with octahedral crystals of hydrated cobalt sulfate, which 
were clearly discernible under a microscope. Most of the impurities were 
removed by two recrystallizations from boiling water. The last traces of 
excess cobalt were removed by passing a solution of the entire yield of 
twice-recrystallized salt (about 140 g.), dissolved in 750 ml. of water, 
through a column of Dowex 50W-X8 regenerated in the K+ cycle, under 
conditions similar to those described for the purification of the 
analogous Co(II) complex. The effluent solution was slightly acidulated 
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with a few drops of concentrated sulfuric acid which had first been diluted 
in a few ml. of water. The heteropoly salt solution was concentrated 
under reduced pressure in the w~ previously described for the purification 
of K5H[Coo4w12o36J•nH20, except that the procedure was interrupted several 
times in order to allow removal of the large amounts of solid product 
which separated. After one further recrystallization from a solution 
containing two drops of concentrated sulfuric acid per 100 ml. of water, 
the salt was washed with several small portions of ice water and air-dried. 
The above procedure produced a salt, the composition of which could be 
represented by the formula: K4. 96(H0•04)[Coo4w12o36J·O.l70W03•10.52H2o. 
This is a new salt, the only previously-described potassium salt being 
the potassium monohydrogen acid-salt1• 
1. L. c. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc., ~' 4503 
(1956). 
Tetrahedral cobalt: 1.770, 1.771% 
Total cobalt: 1.770, 1.770, 1.775% 
Tungsten: 67.2L, 67.23% 
Avg. • 1.771% 
1.772% 
67.2L% 
Potassium: 5.823, 5.826% 5.823% 
Water (by difference): 5.71% 
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K5[co04w12o36]•1IH2o requires: Tetrahedral cobalt • Total cobalt • 1.787%; 
Tungsten • 66.88%; Potassium • 5.926%; Water • 6.007%. 
2. Preparation of 12-Tungstocobaltic Acid: A solution of 12-tungsto-
cobaltic acid was prepared from a solution of 37 g. of potassium 12-tungsto-
cobaltiate in 750 ml. of boiled distilled water, by passage through a 
column packed with freshly regenerated and washed Amberlite IR-120 cation 
exchange resin in the hydrogen cycle. The flow rate was 1.3 ml./cm. 2/min. 
The yellow 12-tungstocobaltic acid solution prepared in the above 
manner showed no sign of change after three months' storage in a brown 
glass bottle. Analyses for tungsten and tetrahedral cobalt were performed, 
and the molarity of the solution was calculated on the basis of each: 
On the basis of tungsten: 0.013~, 0.01362, 0.01368, o.Ol36LM. 
Avg. • O.Ol3~M. 
On the basis of tetrahedral Co: O.Ol351M (determined L months after 
prepar~tion of solution). 
The points of inflection in the curves for two separate potentiometric 
neutralization titrations (described in Section L below) corresponded to 
L.98 and 5.01 replaceable hydrogen ions per gram-ion of the heteropoly 
anion, when the molarity of the heteropoly acid solution was taken as 
o.Ol36L. 
3. Other Salts of the 12-Tungstocobaltiate Anion: An effort was 
made to prepare other salts with convenient solubilities and well-defined 
crystal forms in the hope that salts with less excess tungsten might be 
obtained, and that any effect on magnetic properties arising from crystal 
packing forces might be detected or eliminated. The analogous ammonium 
salt was prepared from impure ammonium 12-tungstodicobaltoate, but was 
not quantitatively analyzed. It exhibited exactly the same crystal 
habit as the potassium salt. It had similar solubility in water, but a 
greater sensitivity to reduction of the central Co(III). 
Addition of numerous amine hydrochlorides and amine hydrosulfates to 
solutions of 12-tungstocobaltic acid caused partial reduction to the 
blue 12-tungstocobaltous acid. Well-defined crystalline yellow salts 
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were precipitated,however, by addition, to the solution of heteropoly acid, 
of solutions of guanidinium nitrate, diethylamine hydrochloride, triethyl-
amine hydrochloride, or diisopropylamine hydrochloride. The triethylammonium 
salt crystallized in particular~ well-formed, non-efflorescent rhombs 
which could be grown quite large. 
Addition of strontium or calcium acetate solution to the heteropoly 
acid solution resulted in development of large, striated, prismatic 
yellow crystals, but barium acetate solutions, added under various conditions, 
always led to the deposition of peach-colored microcrystalline powders. 
Barium bromide solution, added at room temperature, caused extensive 
reduction of the anion (30-LO% reduced, as estimated by color intensity). 
Subsequent refrigeration of the partially reduced solution resulted in the 
growth of very large green crystals with the cube-octahedron shape 
previous~ described for the barium salt of pure 12-tungstocobaltous acid. 
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No success was achieved in attempts to grow pure yellow cube-octahedra 
of barium salt. 
L. Determination of the Charge of the Anion: The anionic charge 
was determined by potentiometric back-titration of the potassium salt, 
and by forward titrations of both the free acid and the potassium salt in 
the manner described for the 12-tungstocobaltoate anion (Section A, part 5. 
Many of the experimental details have been described in that section, q.v.). 
For the back-titration, weighed samples of the potassium salt were 
dissolved and treated with a considerable measured excess of standard 
alkali solution. The resulting mixtures were boiled, allowed to cool, 
and back-titrated with standard hydrochloric acid solution to a 
phenolphthalein end-point1• The results of five such titrations, in terms 
of moles of alkali required to degrade one mole of heteropoly compound, 
were: 19.11, 19.09, 19.20, 18.95, 19.10; Avg. • 19.1 moles. 
It was thereby demonstrated that the anion charge is -5: 
Co(OH) 3 + 12 WOL • + 8 H2o. 
Fig. IV-6 shows the curves obtained in the potentiometric forward-
titrations of aliquots of 12-tungstocobaltic acid solution and of a 
solution of the potassium salt: 
a) The dashed curve, "A", represents a partial titration of a 25.00 ml. 
aliquot of O.Ol36L M 12-tungstocobaltic acid (diluted to about 50 ml.), 
carried out in an open beaker at room temperature with 0.1071 M co2-free 
sodium hydroxide solution. The inflection point occurred when 15.95 ml. 
of NaOH solution had been added (5.01 moles per mole of heteropoly acid). 
The free acid was thus found to have five replaceable hydrogen ions per mole, 
1. U. C. Agarwala, Doctoral Dissertation, Boston University, 196o, p. 56. 
Figure IV-6 
Potentiometric Titrations of 12-Tungstocobaltiates 
with 0.1 M NaOH Solution. 
Curve A: Partial titration of O.OOll.L M H5 [CoOLW120J6] 
with 0.1071 M NaOH at room temperature. 
Curve B: Titration of 0.00310 M H5 [Coo4w12o36] with 
0.1021 M NaOH at 670C. and constant volume. 
Curve C: Titration of 0.00296 M K5 [CoOLw12o36] with 
0.1006 M NaOH at 75°C. and constant volume. 
Ordinate: pH meter readings. 
Abscissa: Moles of NaOH per gram-atom of 
tetrahedral cobalt. 
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supporting the anion charge assignment of -5. 
b) A separate 25.00 ml. aliquot of the free acid solution was 
0 diluted to 110 ml. and titrated at about 67 C. with 0.1021_L M co2-free 
NaOH solution. Four days were required for the complete tracing of the 
curve ("B" in Fig. IV-6). The first inflection point (at 16.6L ml. of 
NaOH solution) corresponded to L.98 replaceable hydrogen ions per mole of 
heteropoly acid. The second inflection point corresponded to the addition 
of 23.L8 moles of NaOH per mole of heteropoly compound, or 18.50 moles of 
alkali for the decomposition of the anion. 
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c) A sample of potassium salt weighing 1.13L6 g. was titrated at 
75°C. and constant volume with 0.1006 M NaOH solution. The complete 
tracing of the curve ( 11C" in Fig. IV-6) required four days. The inflection 
point (at 62.6 ml. of titrant) corresponded to the addition of 18.5 moles 
of base per mole of compound. 
As with the 12-tungstocobaltoate anion, the forward titrations require 
slightly fewer moles of base to reach the second points of inflection than 
indicated by the back-titrations. In fixing the amount of base required 
for complete degradation of the heteropoly anion, the back-titration 
technique is more accurate1• When excess alkali is not present, as is 
the case in the forward titrations, basic cobalt tungstates may form. 
There is also difficulty in the forward titration with adsorption of ions 
on the precipitates present. Thus the amounts of base needed to reach 
the second inflection points are characteristically a little low for the 
forward titrations, but the results of the back-titrations characteristically 
come closer to theoretical values. 
1. U. C. Agarwala, DoctoralDissertation, Boston University, 1960, p. 56. 
5. Demonstration of Absence of Constitutional Water in the Anion: 
As discussed in Section A, part 6 above, concerning 12-tungstocobaltoates, 
the purpose of the dehydration experiments was to determine the number of 
oxygen atoms in the anion. The technique used for the dehydration study 
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of Ks [CoOLw12o36]was the same as that used for the study of Ba3 [CoOLW12o36]. 
Most of the studies were carried out on a sample with a different analysis 
from that reported in part 1 above. The results were checked on the 
thoroughly analyzed sample, however, by comparing actual and predicted 
weight losses for several accurately-weighed samples dehydrated at 
16o-175°C. for several days. 
A sample of K5 [CoOLW12o36]·nH2o, for which the average of three 
tungsten analyses indicated 6L.8o5% tungsten, was finely ground and 
spread on an evaporating dish in an electric oven at 155°C. After 7 days, 
a sample weighing 1.2561 g. was withdrawn. The remainder was reground 
0 
and replaced in the oven at 165 C. Second and third samples were withdrawn 
after 7 and 19 more days. Tungsten analyses on the three dehydrated 
samples showed 11.2L5, 71.2L3, 71.23% tungsten. All three samples 
dissolved rapidly and completely in cold water, producing the characteristic 
bright yellow solution. 
The evaporating dish was transferred to an electric muffle furnace 
at 2L0°C., at which temperature the salt soon decomposed into a highly 
insoluble brown powder. Two samples withdrawn after 50 hours were found 
to contain 71.19 and 71.33% tungsten. Analyses of two more samples, 
ignited at 350°C. for 10 hours, showed 71.15 and 71.18% tungsten. 
The results prove, with unusual precision, that the compound may be 
completely dehydrated without any decomposition. The results were also 
checked by dehydrating two large samples (3.L g.) of the thoroughly 
analyzed sample, at 160° and 17SOC., respectively. They retained the 
characteristic yellow color and dissolved completely to yield bright 
yellow solutions. 
Because the salt is somewhat efflorescent, it was re-analyzed for 
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tungsten and cobalt content. On the basis of the molecular weight calculated 
from the entire analysis, the sample contained 5.35 moles of water per 
mole of compound (calculated by difference). The actual weight loss for 
both samples corresponded to 5.59 moles of water. In terms of atomic 
weight units, the results differ by 1.3 parts per thousand from the 
calculated value. 
6. Absorption Spectrum of the Anion in Solution: The absorption 
spectrum of K5 [CoOLw12o36J dissolved in sodium acetate (0.3 M) - acetic 
acid (1.0 M) buffer solutions of pH • L.2 is shown in Fig. IV-7. It was 
recorded on a Beckman DK-1 spectrophotometer, 1.000 em. silica cells 
being used over the wave-length region from 235 m~ to 1320 m~. The 
solutions varied in concentration from 1.00 x lo-2 M in the near infra-
red region to 2.00 x lo-5 M in the ultra-violet region. The overlap of 
spectra for solutions of different concentrations was excellent in every 
case. The spectra of solutions in acetate buffers of pH 2.3 and 5.9 were 
also recorded, and were in no way different for corresponding concentrations. 
The solution having pH L.2 gave an identical absorption spectrum ten 
days after it was first prepared, but the solution having pH 5.9 had a 
significantly different spectrum when it was only two days old. 
Fig. IV-8 reproduces the crystal field portion of the spectrum with 
a linear scale of absorptivity. In addition to the measurements in 1.00 em. 
cells, the region from 775 - 525 m~ was scanned using 1.00 x lo-2 M 
Figure IV-7 
(The spectra at wave-lengths less than 1320 mp 
were recorded for solutions of several concen-
trations, buffered at pH 4.2. Above 1320 mp, 
the spectra were recorded for aqueous solutions 
of several concentrations.) 
Ordinate: Frequency, in units of 103 cm.-1• 
Abscissa: Logarithm of molar absorptivity (molar 
extinction coefficient). 
189 
0 
0 
rt) 
0 
0 
~ 
0 
0 
10 
0 
0 
tD 
0 
~ 
8 
CD 
0 
1'0 
0 
C\.J 
0 0 
0 
Figure IV-8 
Crystal Field Absorption Spectrum of K5[CoOLW12o361 
in Solution. 
(The spectra at wave-lengths less than 1320 ~ were 
recorded for solutions of several concentrations, 
buffered at pH L.2. Above 1320 ~' the spectra were 
recorded for aqueous solutions of several concentrations. 
The short unconnected segment of curve shown between 
13,000 and 19,000 cm.-1 is the same as the main curve 
in the corresponding region except that the scale of 
its absorptivity has been expanded by a factor of 10.) 
Ordinate: Frequency, in units of 103 cm.-1• 
Abscissa: Molar absorptivity (molar extinction 
coefficient). 
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solution in 10.00 em. silica cells, and the spectrum so obtained is shown 
on a 10-times expanded absorptivity scale on the same figure. 
Also, the spectrum of K5 [CoOLw12o36] dissolved in pure water was 
recorded between 350 ~ and 16o0 ~· The sample and reference solutions 
were contained in 1.000 em. silica cells into which 0.900 em. silica 
spacers had been inserted. Between 350 m~ and 1320 ~' the spectrum was 
identical with that observed for buffered solutions contained in 1.000 em. 
cells. Beyond 1320 ~' the two spectra differed in the same way as that 
previously described for solutions of KsH[CoOLW12o36J (Section A, part 7). 
Therefore, in the long wave-length region, the spectra shown in Figs. IV-7 
and IV-8 were plotted from the results obtained with 1.0 mm. cells. 
193 
7. Density of Crystalline K5[CoOLw12o36J ·nH2o: The density of 
crystalline potassium 12-tungstocobaltiate was determined pycnometrically 
to be L.Lol g./cc. (average of two determinations, L.397 and L.L05 g./cc.). 
For this purpose, a 25.00 cc. pycnometer was calibrated with recently-
boiled distilled water. Some C.P. toluene was redistilled from a flask 
containing sodium, and the toluene was then saturated with the heteropoly 
salt. The density of the salt-saturated toluene was determined in the 
same pycnometer at several temperatures near room temperature. 
A sample of finely crystalline potassium 12-tungstocobaltiate, 
sufficient to occupy a volume of more than 1 cc., was accurately weighed 
into the dry pycnometer. The sample was covered to a depth of about 1 em. 
with the salt-saturated toluene. The open pycnometer was placed in a 
vacuum desiccator, which was then covered and pumped out to remove the air 
bubbles trapped between the crystals. The desiccator was swirled to 
disturb the crystals in the pycnometer. Dry air was admitted and the 
pumping and swirling procedure was repeated. The desiccator was then 
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filled with dry air again. The pycnometer was removed, filled with more 
of the salt-saturated toluene, and weighed. The density of the salt was 
then calculated. 
The technique was tested first on a lightly-crushed, Analytical Reagent 
Grade sample of Mohr's salt, Fe(NHL) 2(SOL) 2.6H2o. Three experimental 
determinations of the density were made: 1.866, 1.862, 1.86o; avg. • 
1.863 g./cc. That value may be compared with the handbook value for the 
specific gravity of Mohr's saltl, 1.86L. 
C. Oxidation Potential Measurements 
In this chapter are described the experiments by means of which the 
formal oxidation potential2 of the 12-tungstocobaltoate - 12-tungsto-
cobaltiate pair in 0.5 M H2SOL solution was determined to be -1.07 ! 0.02 
volts. Also reported are the results of preliminary measurements in a 
series aimed at determination of the standard oxidation potential of the 
12-tungstocobaltoate - 12-tungstocobaltiate pair. 
The formal oxidation potential in 0.5 M H2SOL solution was determined 
by the method of Clark3, from the curves for several potentiometric 
titrations with oxidizing and reducing agents of known potential in 
0.5 M H2SOL. It has been shownL that quite accurate determinations can 
be made by this method, when proper care is taken with regard to selection 
of the cell reaction and to elimination of liquid junction potentials, 
"hanging-drop" and volume estimation errors, etc. In the present work, 
however, the method was used to obtain only an approximate evaluation of 
the formal potential. 
1. "Handbook of Physics and Chemistry", 3Lth Edition, C.D. Hodgman, Editor, 
Chemical Rubber Publishing Co., Cleveland, Ohio, 1952. 
2. The sign convention used here is that of Lewis and Randall, by which a 
positive sign indicates that negative ions pass spontaneously through 
the cell from right to left. 
3. W. M. Clark, J. WaShington Acad. Sci., 10, 255 (1920). 
L. V. K. LaMer and L. E. Baker, J. Am. Cheml. Soc., LL, 195L (1922). 
The reversibility of the system is demonstrated by the fact that the 
values of potential determined from titrations with both oxidizing and 
reducing agents are the same, within experimental error. 
For any reversible redox system: Redl ..,, __ 7'
1 Ox1 + ne-, the 
potential of an inert electrode immersed in the system is given by the 
1 Peters form of the Nernst equation: 
(IV-1) 
where the terms set off by parentheses represent activities. If the 
formal oxidation potentials, E01 , in specific media are to be determined, 
195 
activities are substituted by the concentratioruof the oxidized and reduced 
forms in the solution medium in which the potential is to be determined. 
Formal potentials may thus be measured by simple potentiometric titration 
of a solution containing either the reduced or the oxidized form of the 
electrode pair, even in absence of knowledge about (1) the quantity of 
material being studied, (2) the concentration of titrant, (3) the nature 
of the redox reaction or (L) the number of electrons involved in the 
reaction. (The latter may be deduced from the titration itself.) So 
long as the substance is quantitatively oxidized (or reduced) by the 
titrant, the formal potential is given by the potential registered upon 
addition of 50% of the total volume of titrating solution required to 
reach the equivalence point of the titration curve. E0 • may also be 
calculated at any other point on the titration curve, from the ratio of 
the concentrations of oxidized and reduced forms and the corresponding 
measured potential. Thus, if vE represents the volume of titrant solution 
at the equivalence point, and v represents the volume of titrant at any 
1. R. Peters, z. physik. Chern.,~' 193 (1898). 
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point in the titration (before the equivalence point): 
(IV-2) 
for a titration in which the reduced form of the s.ystem being studied is 
oxidized , and 
E • ....o 1 RT l VE-v 
.11t- - nr n --v- (IV-3) 
for a titration in which the oxidized form of the system under study is 
reduced. 
On the basis of the above equations, the results obtained by titrations 
of the 12-tungstocobaltoate - 12-tungstocobaltiate system with four redox 
reagents led, as explained immediately below, to the following values for 
the formal oxidation potential: with eerie ammonium sulfate solution, 
-1.08_2 volts; with potassium permanganate solution at 58°C., -1.05 volts; 
with ferrous sulfate solution, -1.07_3 volts; with potassium ferrocyanide 
solution, -l.08_L volta. 
For the first four titrations of heteropoly salts described below, 
the experimental conditions were essentially the same. The samples of 
potassium 12-tungstocobaltiate and of potassium monohydrogen 12-tungsto-
cobaltoate used in the titrations were prepared by the method given in 
sections A and B of this chapter, but were analyzed for tungsten only. 
(On the basis of the latter analyses and assumed 100% purity, it was 
estimated that the Co(II) salt contained 10.5 moles of water of hydration 
per formula weight, and the Co(III) salt contained 1L.7 moles of water of 
hydration per formula weight.) 
Each accurately-weighed sample of potassium 12-tungstocobaltiate or 
potassium monohydrogen 12-tungstocobaltoate was dissolved in 150 ml. of 
0.5 M H2SO~ solution in a small beaker. (The concentration of the 
resulting solutions was rough~ 0.0025 molar with respect to heteropoly 
electrolyte.) Each solution was thoroughly flushed with nitrogen, and 
subsequently titrated with a standardized titrant solution which was 
approximately 0.1 N in redox reagent and was also 0.5 M in sulfuric acid. 
Potentials were recorded only when they had remained constant to within 
0.1 millivolt for a period of at least 3 minutes. 
Nitrogen was bubbled through the solution throughout each titration 
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to provide stirring and to keep out air. A one-em. square sheet of 
platinum foil was used as indicator electrode. The reference electrode 
was a calomel electrode in contact with 0.1 N KCl solution. The potential 
of the latter, relative to the normal hydrogen electrode, was taken as1 
-0.3338 + 0.00007 (t - 25). 
A salt bridge with sintered glass ends, containing nearly-saturated 
sodium sulfate solution (46.8 g./200 ml.), was used between the titration 
cell and the reference cell. In addition to a lower internal resistance, 
a further advantage of the sintered glass salt bridge over the conventional 
agar-agar salt bridge is that the former may conveniently be used at higher 
temperatures. In connection with another type of experiment, however, it 
was found that the uncertainty arising from use of this form of salt 
bridge can be 0.02 volts. That experiment involved preparation of a 
half-cell, containing a platinum electrode in a solution which was 0.0075 M 
both in potassium 12-tungstocobaltiate and in potassium monohydrogen 
12-tungstocobaltoate, and which contained no other solute. The potential 
of the cell was measured three times with reference to a saturated calomel 
electrode, each time with a different type of salt bridge between the cell 
and the reference electrode. Each salt bridge contained nearly saturated 
1. s. Glasstone, "An Introduction to Electrochemistry", D. Van Nostrand 
Co., Inc., New York, 1942, p. 232. 
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potassium nitrate solution (152 g./500 ml.). Type A was a bridge with 
fairly porous sintered glass ends of large surface area. Type B terminated 
in a small, fine-frit, sintered glass disc at either end. Type C was an 
open bridge, filled with an agar-agar gel made by dissolving 2.25 g. of 
agar-agar in 75 ml. of the nearly-saturated potassium nitrate solution. 
In each case, the potential was recorded only after it failed to show any 
measurable change (0.1 mv.) over a period of ten minutes. The time required 
for satisfaction of that criterion was about two hours in each case. The 
potential measured with each of the three bridges was: 
Type A 
Type B 
TypeC 
0.8628 volts 
o.8Ll9 volts 
0.8577 volts. 
While the results are not directly applicable to the titration experiments, 
which were made (a) in solutions of much higher acidity and much higher 
total ionic strength, and (b) with the salt bridge (type A) filled with 
nearly-saturated sodium sulfate solution, they give a rough estimate of 
one uncertainty arising from this source, and they suggest that the results 
obtained with the type B salt bridge may be somewhat less reliable than 
those obtained with the type A salt bridge. It is pertinent to mention 
here, however, that the formal oxidation potentials determined from the 
four redox titrations in 0.5 M H2SOL (parts 1 - L below) agreed well with 
that determined from a redox titration in pure water and in which no salt 
bridge was interposed between measured cell and reference cell (but see 
part 5, below). 
The cell for which the potential was measured was: 
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(In all of the tables of data below, the EMF values are given for the 
reversed cell - i.e., for oxidation of the heteropoly species and reduction 
at the calomel electrode.) The entire cell (titration beaker, salt bridge, 
calomel electrode) was kept in a constant-temperature bath throughout the 
titration. Potential measurements were made with a student potentiometer 
(Leeds and Northrup Co., Model No. 7651), with auxiliary decade resistance 
box, 1.5 v. dry cell, and Weston standard cell. The initial and final 
pH•s for each titration were measured with a Beckman pH meter (Model H-2). 
1. Titrations of Potassium Monohydrogen 12-Tungstocobaltoate in 0.5 M 
H2So4 with Ceric Ammonium Sulfate Solution: A 0.0799 N solution of eerie 
ammonium sulfate in 0.5 M sulfuric acid was used in the potentiometric 
titration of a 1.0757 g. sample of hydrated potassium monohydrogen 
12-tungstocobaltoate in a solution 0.5 M with respect to H2S04. (The 
eerie ammonium sulfate solution had previously been standardized against 
reagent-grade iron wire, using ferroin indicator1.) The potentiometric 
titration was carried out at 21 ! 0.5°C. The initial and final pH•s were 
1.20 and 1.31 respectively. 
The results are given in Table IV-3, in which the correction for the 
potential of the calomel reference electrode has been applied at the end. 
By graphical means, vE was found to be 3.96o ml. The value of E0 • (on 
the hydrogen scale) for the 12-tungstocobaltate pair was estimated to be 
-1.08_2 volts on the basis of this titration. 
(Since it has been established with carefully analyzed samples that 
the redox reaction with eerie ammonium sulfate is stoichiometric (see 
Chapter III, Section 3), the volume of eerie ammonium sulfate required for 
quantitative oxidation of the cobalt in the potassium monohydrogen 
1. W. c. Pierce and E. L. Haenisch, "Quantitative Analysis", Third Ed., 
John Wiley and Sons, Inc., New York, 1955, p. 257. 
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Table IV-3. Formal Oxidation Potential for K5H[CoOLw12o36J in 0.5 M 
H2SOL Solution, Determined from Titration with Carie 
Ammonium Sulfate Solution. 
No. Vol. of %Oxidized 
Titrant 
1 o.560 lL.l 
2 1.5L0 38.9 
3 2.515 63.5 
L 3.260 82.3 
5 3.585 90.5 
6 3.61o 91.2 
1 3.720 93.9 
8 J.8L5 97.1 
9 3.910 98.7 
10 3.9L5 99.6 
-Eexp 11 .0591 log ...:!._ Eo• O.lN vE-v vs. 
cal. elect. 
-o.7oLL -0.013_2 -0.7172 
-0.733_2 -0.005_3 -0.738_5 
-0.7615 -+O.OlL2 -0.7L73 
-0.7812 +a.oLo_5 -o.1L1_3 
-0.803_2 -+0.0580 -0.7L5_2 
-o.8oL2 -+0.060 -1 -0.7LL3 
-0.8152 -+0.010L -o.7L5_2 
-0.8352 -+0.0901 -0.7L51 
-o.856_L -+0.112_1 -o.7LL_3 
-0.876_3 -+O.lL30 -0.733_3 
Average, points 2-10: -0.7LL 
Potential of calomel electrode: -0.33L 
E0 • • -1.078 volt~ 
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12-tungstocobaltoate sample indicates that the sample used in the titration 
probably contained a considerable excess of tungsten over the 1:12 Co:W 
ratio.) 
2. Titration of Potassium Monohydrogen 12-Tungstocobaltoate in 0.5 M 
H2SO~ with Potassium Per.manganate Solution: A 1.3817 g. sample of hydrated 
potassium monohydrogen 12-tungstocobaltoate was potentiometrically titrated 
with 0.0772 N KMnOL solution, which had been standardized against arsenious 
oxide1• Both solutions were initially 0.5 M with respect to H~OL. 
Preliminary experiments had shown that oxidation of the Co( II) heteropoly 
complex by potassium permanganate proceeded at a reasonable rate only at 
elevated temperatures, and so the entire titration was carried out at 
58 ! 0.2°0. The initial and final pH's were 0. 72 and o.L9 respectively. 
The titration results are given in Table IV-~, in which the values 
of EMF have not been corrected for the potential of the calomel reference 
electrode. The volume of titrant at the inflection point, 5.750 ml., 
indicates that the reaction to produce [co+3oLw12o36]-5 and Mn(II) is not 
stoichiometric under the conditions used. If the Co(II) content is estimated 
from the volume of eerie ammonium sulfate solution required to oxidize the 
compound, it appears that approximately 9% too much permanganate was 
consumed in the reaction. 
As shown in Table IV-L, substitution of the experimental data into 
Eqn. IV-2 does not lead to values for E0 • which show a desirable degree 
of agreement. Substitution of smaller values for vE in Eqn. IV-2 leads 
to narrower ranges of calculated E0 ' values (not shown in Table IV-~), but 
in no case to a constant value. However, because the ratio of [Ox]/[Red] 
changes relatively slowly in that region of the titration curve which 
1. W. C. Pierce and E. L. Haenisch, "Quantitative Analysis," Third Ed., 
John Wiley and Sons, Inc., New York, 1955, p. 215. 
202 
Table IV-~. Formal OXidation Potential for K5H[coa4w12o36J in 0.5 M 
H2SO~ Solution at 58°C. by Titration with Potassium 
Permanganate Solution. 
% OXidized v EOI No. Vol. of 
-Eexp'l. .0656 log-Titrant vE-v vs. o.1 N 
cal. elect. 
1 o.530 9.2 -0.6$0.3 -0.0652 -0.7155 
2 1.620 28.2 -0.69~ -0.0213 -0.71~2 
3 2.555 ~~.~ -0. 71~~ -0.0063 -0.71~1 
~ 2.985 51.9 -0.72~3 -tO.OO~l -0.71~~ 
5 3.3~0 57.9 -0. 73!~ -1{).0091 -0.72~5 
6 3.680 6~.0 -0.73~2 -1{).016~ -0.722~ 
7 ~.oo0 69.6 -0. 7~7 ~ -t0.02~~ -0.72~2 
8 ~.250 73.9 -0.75~3 -1{).03~~ -0.725 
-2 
9 ~.600 8o.o -0.7702 ..0.0395 
-0. 73!3 
10 ~. 715 82.0 -0.7723 -t0.0~32 
-0.7291 
11 ~.785 83.2 -0. 77§2 -tO.O~~~ -0.730 2 
12 ~.975 86.5 -0.7782 -t0.0530 -0.7252 
13 5.085 88.~ 
-0. 79~2 -t0.0$80 -0.73~2 
~ 5.225 90.9 -0.8093 ..o.o~~ -0.7~~3 
15 5.365 93.3 -0.828~ ..0.0751 
-0.7533 
16 5.~o5 9~.2 -0.8350 -t0.078~ -o.75I~ 
17 5.~~, 9~.7 -0.8~~2 -1{).0823 
-0. 76!, 
18 5.585 97.1 -0.88~2 ..0.100~ -0.78~2 
19 5.620 97.7 -0.8982 ..0.1073 
-0.79!1 
20 5.695 99.0 -0.93§3 -1{).1321 -0.80~~ 
corresponds to ""50% oxidation, the error should not be very large 
in estimating E0 • from the potential (interpolated from the data in 
Table IV-~) existing when addition had been made of half of the volume of 
titrant needed to reach the inflection point. If it is assumed that the 
error in the volume of titrant required to effect 50% oxidation is not 
greater than ! 15%, and that no other error is involved, then the value 
-1.05 volts represents the formal oxidation potential at 58°C. to within 
! 0.01 volt. 
3. Titration of Potassium 12-Tungstocobaltiate in 0.5 M H~O~ with 
Ferrous Sulfate Solution: A l.U92 g. sample of hydrated potassium 
12-tungstocobaltiate was dissolved in 0.5 M sulfuric acid solution and 
potentiometrically titrated with ferrous sulfate solution (0.5 M in H~O~ 
solttliion) in the cell described above. The titration was carried out at 
2~.2 ~ 0.2°C., and the pH changed from o.~o to o.59 during the course of 
the titration. The ferrous sulfate solution was standardized against 
previously-standardized eerie sulfate solution. 
Table IV-5 gives the experimental results, and the calculated values 
of the oxidation potential relative to the 0.1 N KCl - calomel electrode. 
The value of E0 ' (on the hydrogen scale) for the 12-tungstocobaltate pair 
was estimated to be -1.07_3 volts, on the basis of this titration. 
The titration results (vE • 3.~60 ml.) can be used to estimate the 
percentage of Co(III) in tetrahedral sites. They indicate that the 
gram-atom ratio of W : Co (in Co(III)O~) was 12.00 : 0.985 in the sample 
used for these redox titrations. 
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~. Titration of Potassium 12-Tungstocobaltiate in 0.5 M H~O~ with 
Potassium Ferrocyanide Solutions A sample of hydrated potassium 12-tungsto-
cobaltiate weighing 1.~563 g. was titrated with a freshly prepared and 
Table IV-.5. 
No. 
1 
2 
3 
4 
.5 
6 
7 
8 
2oL 
Formal Oxidation Potential for Ks[Co0~1~36] in 0 • .5 M 
!!~, Solution at 240C. 2 Determined from Titration 
Vol. of 
Titrant 
o.2o0 
1.21o 
2.030 
2.6L5 
3.lo0 
3.20.5 
3.325 
3.L30 
with Ferrous Sulfate Solution • 
% Oxidized 
-Eexp'l • 0591 log vE-v EOI vs. O.lN 
v cal. elect. 
.5.8 -o.8oL2 +0.072_3 -0.7325 
35.0 -0.749_1 ofO.Ol6_1 -0.7330 
58.7 -0.724_3 -0.0090 -0.733_3 
76.4 ..0.7035 -0.0302 -0.734_3 
89.6 
-0.6763 -0.0.553 -o.732_L 
92.6 
-o.6654 -0.065_1 
-0.7303 
96.1 
-0.65.5_3 -0.0823 
-0.7370 
99.1 
-0.599L -0.122_3 -0.7211 
Average, points 1-7: -0.733 
Potential of calomel electrode: -0.33L 
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standardized 0.1038 N solution of potassium ferrocyanide in 0.5 M sulfuric 
acid solution. Standardization was carried out against reagent-grade 
zinc, with diphenylamine as the indicatorl. Because potassium ferrocyanide 
is relatively unstable in highly acidic solution, the titer was rechecked 
after the potentiometric titration, and was found to have changed by no 
more than 5 parts per thousand. The potentiometric titration was carried 
out at 25.0! O.l°C., and the initial and final pH 1 s were O.L5 and o.L9 
respectively. From the volume of solution required to produce an 
inflection point in the titration curve (vE • L.l25 ml.), the ratio of 
Co(III)OL : W was calculated to be 0.99 : 12, in close agreement with 
the ratio calculated from the single potentiometric titration with ferrous 
sulfate solution. 
E0 t values for the 12-tungstocobaltate pair, relative to the calomel 
reference electrode, were calculated from Eqn. IV-3 and all of the 
experimental data for the titration with ferrocyanide, and are given in 
Table IV-6. When corrected for the potential of the 0.1 N KGl - calomel 
electrode on the hydrogen scale, E01 was calculated to be -l.08_L volts. 
5. Titration of Potassium 12-Tungstocobaltiate in Pure Water with 
Ferrous Sulfate Solution: For purposes of comparison, a sample of 
potassium 12-tungstocobaltiate in pure water was potentiometrically 
titrated with ferrous sulfate solution under conditions considerably 
different from those prevailing in the titrations in 0.5 M sulfuric acid 
solution. In the titration discussed here, the EMF measurements were made 
with a Beckman Zeromatic pH meter, and each was probab~ accurate on~ to 
within a few millivolts. A platinum foil electrode and a Beckman 
saturated KCl - calomel electrode were immersed directly in the solution 
1. I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative Inorganic 
Analysis", Macmillan Co., New York, 19L3, p. 5L9. 
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Table IV-6. Formal Oxidation Potential for K5[cooLw12o36J in 0.5 M 
H2soL Solution at 25°C., Determined from Titration 
with Potassium Ferrocyanide Solution • 
No. Vol. of % Oxidized 
Titrant 
1 0.615 1L.9 
2 1.650 Lo.o 
3 2.L75 60.0 
L 2.995 72.6 
5 3.250 78.8 
6 3.570 86.6 
7 3.870 93.8 
8 L.oo0 97.0 
9 L.1o5 99.5 
-Eexp 11. • 0591 log vE-v Eo• 
v vs. O.lN 
cal. elect. 
-0.789_3 +O.OL5_2 -0.7LL_1 
-0.7533 +O.OlOL -o. 7L3_1 
-0.73\ -0.0104 -0.7L2_2 
-0.717_2 -0.0250 -0.7L2_2 
-0.7091 -o.o3L_3 -o. 7L3_2 
-0.695_L -O.OL8_2 -o. 7L2L 
-0.67L_3 -0.070_1 -o.7LL_L 
-0.653_1 -0.0890 -o. 7L2_1 
-0.6083 -0.137_3 -0.7L50 
Average: -0. 7L2 
Potential of calomel electrode: -0.33L 
being titrated, with no intermediate salt bridge. A magnetic stirrer was 
used, and the titration was carried out at room temperature, but not in 
a constant-temperature bath. 
The sample, 3.5909 g., was dissolved in 100 ml. of boiled distilled 
water. (The resulting solution was therefore approximately 0.01 molar.) 
No inert electrolyte or acid was added before the titration. Addition of 
the titrant, which was 0.0978 M in ferrous sulfate and 0.3 M in sulfuric 
acid, then gave rise to proportional increases in the acidity and in the 
ionic strength of the titrated solution. The actual pH's were not 
measured, but the solution was roughly 0.03 M in sulfuric acid at the 
end-point of the titration. vE was graphically estimated as 11.50 ml. 
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From the constancy of the calculated E0 ' values (given in Table IV-7) 
over the course of the entire titration, however, it appears probable 
that the potential is not significantly affected by changes in either ~ 
(the ionic strength) or [H+], of the order of magnitude involved in this 
experiment. The excellent agreement between the E0 ' values obtained in 
this titration and in the titration in 0.5 M H2SOL does not eliminate the 
possibility of some dependence of E0 ' on the hydrogen ion concentration 
over the wider range of [H+] and Jl· The liquid junction potentials 
incorporated into the two E0 ' values might have been different in the two 
titration cells, and the difference might fortuitously have opposed the 
effect of the different hydrogen ion concentrations in just the necessary 
way. That seems unlikely, however. It should be easy to estimate the 
dependence of E0 ' on [H+] by the same titration method, because of the 
chemical stability of both tungstocobaltate anions in reasonably high 
concentrations of acid, and because of the availability of reducing agents 
effective in both neutral and acidic solution (i.e., [Fe(CN) 6]-L and Fe(II)). 
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Table IV-7. Formal Oxidation Potential for K)[CoO~W12o36J in Pure Water, 
Determined from Titration with Ferrous Sulfate Solution • 
No. Vol. of % Oxidized 
-Eexp'l. • 0591 log vE-v Eo• O.l.N Titrant v vs. cal. elect. 
1 o.L75 L.l -0.90L -+0.081 -0.823 
2 1.005 8.7 -0.882 +0.060 -0.822 
3 1.99 17.3 -0.863 -+0.0~0 -0.823 
L L.oo 3L.8 -o.8L2 -+0.016 -0.826 
5 6.00 52.2 -0.827 -0.002 -0.825 
6 8.01 69.7 -0.809 -0.021 
-0.830 
7 9.00 78.3 -0.798 -0.033 -0.831 
8 9.505 82.7 -0.790 -O.OLO -0.830 
9 10.00 87.0 
-0.7805 -O.OL9_3 -0.829 
10 lO.L95 91.3 -0.770 -0.06o -0.830 
11 10.985 95.5 -0.7505 -O.o78L -0.829 
12 11.205 97.L -0.732 -0.093 -0.825 
13 11.395 99.1 -0.7oL -0.120 
-o.82L 
Average: -0.827 
Potential of calomel electrode: -0.2L2 
E0 • • -1.069 volts 
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6. Potential Measurements based on the Dilution Method: Preliminary 
measurements were made in a series of experiments designed to lead to the 
value of the standard oxidation potential. The method was that used by 
Kolthoff and Tomsicekl in their study of the standard electrode potential 
of the ferrocyanide-ferricyanide system. 
The potentials of the electrode : Pt, [CoOLW12o36]-
6
, [CoOLw12o36]-5 
were measured, against a saturated KCl - calomel electrode, using 
different concentrations of the two anions, but with the ratio of the two 
concentrations constant for each series of measurements. The measured 
potential, E, is given qy: 
, or 
't [CoOLW12036] -5 
( [CoOLW12036] -6 
(IV-L) 
With a constant known ratio of concentrations, the concentration term on 
the right of Eqn. IV-L is known. For one series of measurements reported 
below, the ratio of concentrations was unity, causing the second term 
(i.e., the concentration term) to vanish; for the other series, the ratio 
of concentrations was 1.5. The actual concentrations of solute varied 
from 5 x 10-2 molar in each solute to L x lo-5 molar in each solute. 
The activity coefficient term should become zero in the limit of 
infinite dilution. A plot of potential (corrected for the concentration 
term) vs. concentration, extrapolated to infinite dilution, should therefore 
give the value of the standard oxidation potential. 
Alternatively, the standard oxidation potential can be estimated 
1. I. M. Kolthoff and W. J. Tomsicek, J. Phys. Chem., 39, 9L5 (1935). 
from the measured EMF values (properly corrected for the concentration 
ratio) by approximating the activity coefficients from the Debye-H~ckel 
limiting law1: log f • - 0.509 z2 Vji for aqueous solutions at 25°C. The 
last term in Eqn. IV-4 may thus be estimated as: 
(While the rational activity coefficient f, given by the Debye-Hllckel 
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treatment, differs slightly from the thermodynamic activity coefficient t, 
used in Eqn. IV-4, the difference introduced is very small for species 
in dilute solution2, and is negligible in the estimation of the ratio 
of activity coefficients for such similar species in similar low 
concentrations.) Since the Debye-H~ckel law is valid only in extremely 
dilute solutions, a graphical extrapolation is also necessary for the 
II 
estimation of the oxidation potential from Debye-Huckel-corrected measure-
ments of potential. 
All solutions for these experiments were prepared from distilled 
water which had been redistilled from alkaline permanganate solution and 
recently reboiled. The heteropoly salt preparations were the same as 
those used for the first four titrations outlined above. Two stock 
solutions were prepared. The first was made by dissolving 16.858 g. of 
Ks[Co04w12o36]•nH2o and 16.424 g. of KsH[Co04w12o36]•nH2o in water, and 
diluting the solution to 100 ml. The resulting solution was 0.0500 molar 
in each solute. The second solution was prepared by dissolving 16.859 g. 
1. S. Glasstone, 11An Introduction to Electrochemistry", D. Van Nostrand 
Co., Inc., New York, 1942, pp. lLO et seq. 
2. S. Glasstone, "An Introduction to Electrochemistry", D. Van Nostrand 
Co., Inc., New York, 1942, p. 145. 
and diluting the solution to 100 ml. The resulting solution was 0.0500 
molar in the Co(III) complex and 0.0330 molar in the Co(II) complex. All 
EMF measurements were made on these stock solutions, or on dilutions 
prepared directly from them. 
Two determinations of specific gravity were made for each stock 
solution, using two calibrated pycnometers. Theequimolar stock solution 
was found to have a specific gravity of 1.259L g./ml., corresponding to 
a molality of 0.05282 in each solute. The specific gravity of the 3:2 
stock solution was found to be l.221L g./ml., arrl the molality was 
calculated to be 0.05193 with respect to the Co(III) salt ar:rl 0.03L61 
with respect to the Co(II) salt. 
The potentiometer circuit used was that described above for the 
potentiometric titrations in acid solution. A saturated KCl - calomel 
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electrode was employed as reference electrode for these measurements, 
however. The salt bridge between the reference electrode and the electrode 
under study was of type B (i.e., having small, fine-frit sintered glass 
discs at each end ar:rl filled with nearly-saturated potassium nitrate 
solution). As described near the beginning of this section, it had 
previously been determined that potentials measured with the type B salt 
bridge were more positive by "'0.02 volt than potentials measured with a 
type A salt bridge or with an agar-agar bridge, when all three bridges 
were filled with concentrated potassium nitrate solution and successively 
immersed in a sample of diluted equimolar stock solution which was 0.0075 M 
in each of the two heteropoly solutes. No such studies were made with 
solutions containing other concentration ratios, or with other types of 
liquid junction. Therefore, the possibility that all of the potentials 
measured in these experiments incorporate a constant (or nearly constant) 
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error cannot be eliminated without further studies. 
For each measurement, the EMF was recorded only after it failed to 
change by 0.1 mv. over a period of ten minutes. For the most dilute 
solutions measured, as long as three hours was required before the potential 
stopped drifting. Throughout the period, nitrogen, pre-saturated with 
water vapor, was slowly bubbled through each solution. 
In Tables IV-8 and IV-9 are recorded the experimental results for the 
two sets of measurements, as well as the results after various correction 
terms have been added. (a) For convenience in calculating, concentrations 
and ionic strengths are expressed in terms of molarity, since the less 
concentrated solutions were prepared by volumetric dilution. Even in the 
high concentration ranges, the difference between molarity and molality 
amounts to only a few percent (see specific gravity data above). (b) All 
of the EMF values have been corrected by -0.2L2 volt, the value of the 
potential of the saturated KCl - calomel electrode at 2L°C. relative to 
the normal hydrogen electrode1• Potentials to which no other corrections 
have been added are designated as Evs. NHE* in both tables. (c) The 
penultimate column of Table IV-9 lists the values obtained by adding 
O.OlOL volt to Evs. NHE , in order to correct for the logarithmic 
concentration term in Eqn. IV-L. (d) The last column in both tables 
lists the EMF values obtained by adding, in addition to the other cor-
rections, the activity coefficient correction estimated as 0.3251j.l. 
An extrapolated value of -1.000 volt is obtained for the EMF at 
infinite dilution, from plots of either [Evs. NHE + 0.0591 log :~~a] or 
I. ffiox. J LEvs. NHE + 0.0591 log lllred. + 0.325 {ji , against Vjl. The value includes 
a liquid junction potential of unknown magnitude. 
* Normal hydrogen electrode. 
1. S. Glasstone, "An Introduction to Electrochemistry", D. Van Nostrand 
Co., Inc., New York, 19L2, p. 232. 
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Table IV-8. OXidation Potentials of Aqueous Solutions, Containing 
K5[CoOLW12o36J and K~[CoOLW12o36] in 1:1 Mole Ratio. 
M )l ifji .325-Jjl Evs. NHE Evs.NHE+ 
.325Vji" 
0.0100 .360 .600 .1950 -l.09o0 -0.8950 
0.0075 .270 .520 
.169-1 -l.o8L_1 -0.9150 
0.0050 .180 .L2L .138_1 
-1.077-3 -0.939_1 
0.0030 .108 .329 .107_2 -l.06L_2 -0.9570 
0.0015 .o5LO .232 .0755 -1.0553 -0.980_2 
0.00060 .0216 .1L5 .oL8_2 -l.OL23 -o.99L5 
0.00025 .00900 .o9L9 .031_2 -1.0293 -0.9985 
0.00010 .00360 .0600 .0195 -l.Ol7L -0.998_1 
0.00005 .00180 .oL2L .o1L_2 -1.0131 -0.9993 
o.ooooL .oolLL .0380 .0123 -1.013_3 -l.OOOL 
21~ 
Table IV-9. Oxidation Potentials of Aqueous Solutions, Containing 
M M 
.Ptotal Vji .325'1/jl Evs. NHE E + E+ .010 Co(III) Co(II) .OlOL + .325Vji 
.0500 .0330 l.LL 1.20 .390L -1.1163 -1.106_1 -0.7155 
.0100 .0066 0.289 0.537 .175_L -1.087_1 -1.0765 -0.902_1 
.00500 .0033 0.1LL 0.380 .1235 -1.0763 -1.066_1 -0.9L2L 
.00250 .00165 0.0722 0.269 .0873 -l.06L_3 -1.0533 -0.9660 
.00100 .00066 0.0289 0.170 .0552 -l.05l_L -l.OLo2 -0.9850 
.00050 .00033 o.olLL 0.120 .0390 -l.OLL2 -l.03L_2 -0.995_2 
.00025 .000165 0.00722 o.oBL9 .o28_L -1.039_1 -1.0285 -1.0000 
.00010 .000066 0.00289 0.0537 .0175 -1.030L -1.0200 -1.0025 
.00005 .000033 o.oolLL 0.0380 .0123 -1.023 1 -1.0123 -1.0000 
-..; 
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There are several other factors, associated with the chemical 
composition of the solutions, which make it unwise to offer a very detailed 
interpretation of the data without further experimental study: (1) the 
particular samples upon which the measurements were made were not fully 
analyzed, and, in addition, the redox titration results show that the 
Co(II) compound was not so pure as the sample (prepared later) which was 
used for other work reported in this dissertation; (2) the solutions on 
which measurements were made contained varying concentrations of hydrogen 
ion, derived from the acid-salt. In view of the facts that the two anions 
derive from only moderately strong acids, and that the last dissociation 
constants of the two acids are very probably not equal, it is quite 
possible that, for intermediate [H+]•s, [H+] exerts effects which account 
in large measure for the difference observed in the higher concentration 
ranges (Tables IV-8 and IV-9) between the EMF values for the 1:1 series 
of solutions and those for the 3:2 series (corrected for concentration 
ratio). The [H+] can also affect the activity coefficients of the 
heteropoly anions. These effects of [H+] should all be minimized at 
higher dilutions, however. 
The results in the last column of Tables IV-8 and in the last column 
of Table IV-9 show good agreement for the more dilute solutions. The same 
conclusion is illustrated graphically in Fig. IV-9, where the oxidation 
potentials, relative to the potential of the normal hydrogen electrode, 
have been plotted against 11/}1. Curve "A" represents the results for the 
solutions containing equimolar concentrations of the heteropoly salts. 
Curve "B" was plotted from the results for the solutions containing a 
3:2 concentration ratio of the two salts, after correction had been made 
for the term arising from the unequal ratio (Eqn. IV-4). The straight 
line is a theoretical line, drawn from -1.000 volt. It predicts the 
dependence upon ~ of the potentials of the solutions if both solutes were 
to behave in accordance with the Debye-HUckel limiting law. The agreement 
between the theoretical line and the experimental lines in Fig. IV-9 is 
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good in the low concentration ranges. Agreement is, of course, not expected 
in the higher concentration ranges. 
D. 12-Tungstodicobaltoates 
1. Preparation No. 1 of Ammonium 12-Tungstodicobaltoate: The sample 
designated "No. 111 was prepared from a solution of sodium 12-tungsto-
dicobaltoatel according to the directions of Baker and McCutcheon2• The 
impure ammonium salt was prepared by heating the parent sodium salt 
solution to boiling and adding 270 g. of ammonium acetate dissolved in 
minimum boiling water. As the solution cooled, deposition of dark emerald 
green crystals took place. The salt was recrystallized from boiling 
solution containing 0.5 ml. of glacial acetic acid per 100 ml. of water. 
(The presence of a small amount of acid was required to prevent a slight 
decomposition of the complex anion, but it always resulted in the presence 
of extra Co(II) in the product. The probable reason for this will be 
given in the Discussion Chapter.) The state of purity with respect to 
excess Co(II) was checked after each recrystallization by means of a 
semi-quantitative comparative test3. 
After five recrystallizations, the ammonium 12-tungstodicobaltoate 
salt gave no further evidence of insoluble impurities, but it still 
appeared to contain a considerable excess of non-tetrahedral cobalt. 
It was not subjected to further purification measures, but was air-dried 
and analyzed quantitatively. 
1. 
2. 
3. 
SectionAL part 1 of this chapter. 
L. C. W. tiaker and T. P. McCutcheon, J. Am. Chem. Soc.,~' 4503 (1956). 
Section K of Chapter III. 
Figure IV-9 
Oxidation Potentials of Aqueous Solutions Containing 
[co+3o~w12o36]-S and [co+2o~w12o36]-6. 
Curve A: Solutions containing equal concentrations of 
[co+3o~wl2o36]-S and [co+2o~wl2o36]-6. 
Curve B: Solutions containing [co+3o~w12o36]-S and 
[co+2o~w12o36]-6 in 3 : 2 concentration 
ratio. (Potentials have been adjusted for 
unequal concentrations of oxidized and 
reduced species.) 
Straight line: Theoretical line predicted by Debye-HUckel 
lim.i ting law. (See text.) 
Ordinate: Oxidation potential, in volts, 
relative to normal hydrogen 
electrode. 
Abscissa: 4}1 • 
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Analysis of (NHL)8[Co06CoOLw12o32]·19H20: 
Tetrahedral cobalt(II): 1.660, 1.66L, 1.66L% 
Non-tetrahedral cobalt: 2.519, 2.521% 
Total cobalt: L.l77, L.l71, L.l77% 
Tungsten: 62.83, 62.80, 62.91, 63.0L% 
Nitrogen: 3.06, 3.05% 
Water (by difference): 
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Avg. • 1.663% 
2.520% 
L.l75% 
62.89 % 
3.06 % 
9.69 % 
(NHL)8[Coo6cooLw12o32]·19H2o requires: Tetrahedral cobalt • Non-tetrahedral 
cobalt • 1.692%; Total cobalt • 3.385%; Tungsten • 63.35%; 
Nitrogen • 3.22%; Water • 9.83%. 
The actual composition of the preparation, on the basis of the 
analysis, is probably most clearly represented in the following way, in 
which the oxide formulas are used to avoid specificity: 
(NHL)7.7L6Co0•127[co06CoOLW12o32]·0.139W03•0.390CoO•l9.07H2o. The hydrate 
number was calculated by difference, and represents the actual water content 
plus any unanalyzed impurities. Alternatively, the molar ratios for analyzed 
species m~ be given: 7.746 NH4 : Co(II)OL : 1.517 Co(II)06 : 12.139 W. 
The formula (and ratios) are based on the analysis for tetrahedral cobalt. 
In so doing, it is assumed that there is no tetrahedral cobalt outside the 
anion, and that there are no unoccupied CoOL sites within the anion. It 
is clear, however, that only a small difference resultsfrom basing the 
formula on the tungsten analysis, the assumptions then being that all of 
the tungsten present is contained within the anion, and that some of the 
CoOL sites within the anion are vacant. The ratios then become: 
7.657 NHL : 0.989 Co(II)OL : 1.500 Co(II)06: 12.00 W. 
2. Preparation of Potassium 12-Tungstodicobaltoate: The impure 
potassium salt was best prepared by adding to the boiling solution of 
220 
sodium 12-tungstodicobaltoate1 a hot solution containing 200 g. of potassium 
acetate in a mixture of 50 ml. of water and 25 ml. of glacial acetic acid. 
Green cubes of the impure potassium salt began to separate immediately. 
Recrystallizations were performed in a manner analogous to that 
described for the ammonium salt. However, the smaller change of solubility 
of the potassium salt with temperature made it less wasteful of product to 
divide the yield into several portions and to recrystallize them successively 
through the same volume of water (containing 0.5 ml. of glacial acetic acid 
per 100 ml.). The product was recrystallized four times in that manner. 
Examination of the product under a stereoscopic microscope revealed that 
the fourth recrystallization left the sample discernibly impure; also, 
comparative tests for excess Co(II) 2 showed that the cobalt content was 
quite high and had not been noticeab~ decreased below the level attained 
in the third recrystallization. Experiments were therefore undertaken to 
discover a means of removing or decreasing the proportion of excess cobalt. 
The best method of those tried involved the addition of cation exchange 
resin beads to the solution from Which the salt was being recrystallized. 
The resin used for this purpose was Dowex 50W-8X, 50-100 mesh, medium 
porosity. Previous to use, it was carefully conditioned through about six 
cycles of alternate soakings in 2 M HCl solution and in distilled water, 
regenerated in the potassium cycle by the column method with 2 M KCl 
solution, and thoroughly rinsed. The resin beads were spread on a Buchner 
funnel and air-dried with the aid of a water-aspirator. 
The use of cation exchange resin in the fifth recrystallization decreased 
the concentration of excess Co(II), but introduced a significant proportion 
1. Section A, part 1 of this chapter. 
2. Section K of Chapter III. 
of paratungstate impurity. The following procedure had been used. The 
material which had been recrystallized four times was divided into 
portions of approximately LO g., and successively recrystallized a fifth 
time through hot solution containing 1 ml. of glacial acetic acid per 
100 ml. of water. After each portion of salt had been dissolved to make 
a hot, near~-saturated solution, 10 g. of resin beads was added to the 
solution. The beads were stirred in the solution for ~30-L5 seconds, and 
immediately filtered off with suction on a medium-porosity sintered-glass 
funnel. 
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In the sixth recrystallization, the entire yield (130 g.) of five-times 
recrystallized salt was dissolved in 700 ml. of boiling solution 
containing 2.5 ml. of glacial acetic acid. Two 26 g. portions of air-
dried resin were successively added, stirred for approximately one minute 
in the hot solution, and filtered off. The first portion removed was 
bright pink. The second portion was very little different in color from 
its original yellow. The filtrate was reheated, and then a hot nearly-
saturated solution of potassium nitrate (containing 75 g. of KN03) was 
added to it. The product, which crystallized rapidly from the hot solution, 
was filtered off at 55°C., air-dried, and quantitatively analyzed. 
Analysis of K8[Co06CoOLw12o32]·17H2o~ 
Tetrahedral cobalt(II): 1.617, 1.618, 1.621% 
Non-tetrahedral cobalt: 2.105, 2.104% 
Total cobalt: 3.717, 3.718, 3.719% 
Tungsten: 61.18, 61.19% 
Potassium: 9.3L, 9.38% 
Water (by difference}: 
Avg. • 1.619% 
2.104% 
3.718% 
61.19 % 
9.36 % 
6.83 % 
Ks[Coo6coo~w12o32 ]•17H2o requires: Tetrahedral cobalt • Non-tetrahedral 
cobalt • 1.630%; Total cobalt • 3.261%; Tungsten • 61.03%; 
Potassium • 8.65%; Water • 8.~7%. 
The analytical results can be representlrl by the formula: 
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Ks[Coo6coa~w12o32]·0.115W03 ·0.298Co0·0.357K20•13.81H2o. It is to be 
recalled that this type of representation is used to indicate the relative 
amounts of metallic elements beyond those required for stoichiometric 
composition of the anion, when that composition is based on the amount 
of tetrahedral cobalt indicated by analysis. Transformation to a formula 
calculated on the basis of the tungsten analysis would obviously make 
only a small change. 
It is also to be noted that the state of hydration is undoubtedly 
different from that indicated by the formula above. For example, any 
nitrate ion which accrued from the final rapid recrystallization step 
would be included in the formula as an equal weight of water. 
3. Preparation No. 2 of Ammonium 12-Tungstodicobaltoate: Impure 
ammonium 12-tungstodicobaltoate was prepared as described above (Part 1), 
and recrystallized six times from hot nearly-saturated solution which had 
been slightly acidulated with glacial acetic acid. 
Further purification was brought about by treatment with cation 
exchange resin beads. Because the uptake of Co(II) by the resin was 
found to be negligible in the concentrated recrystallization solutions, 
the following procedure was developed to effect exchange. The re-
crystallized sample was divided into 10 g. portions. Each portion was 
dissolved in 50 ml. of hot solution containing 0.1 ml. of glacial acetic 
acid. The solution was stirred for one minute with 2 g. of air-dried 
Dowex 50W-X8 resin beads (conditioned and regenerated in the NHL+ cycle) 
and filtered while hot. To the reheated filtrate was added a hot solution 
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containing 15 g. of ammonium acetate in about 5 ml. of water. The green 
crystals which began to appear fairly rapidly were filtered off before the 
solution cooled below 55°C. The yields from all portions were air-dried 
and combined • 
The product so prepared was composed of poorly-defined, very small 
crystals, and had a definite odor of ammonium acetate. Nevertheless, of 
the three 12-tungstodicobaltoate preparations described herein, it had the 
lowest concentration of excess Co{II). 
Analysis of (NHH) 8[Co06CoOLWl2032]•1BH2o: 
Tetrahedral cobalt(II): 1.691, 1.692% 
Non-tetrahedral cobalt: 2.032, 2.031% 
Total cobalt: 3.720, 3.719, 3.723% 
Tungsten: 63.95, 63.8L, 63.78% 
Nitrogen: 3.715, 3.6L% 
Water {by difference): 
Avg. • 1.692% 
2.031% 
3.720% 
63.87 % 
3.68 % 
7.89% 
(NHL)s[Co06CoOLW12032]•18 H2o requires: Tetrahedral cobalt • Non-tetrahedral 
cobalt • 1.701%; Total cobalt • 3.402%; Tungsten • 63.68%; Nitrogen • 
3.235%; Water • 9.36%. 
By analogy with the previous preparations, the formula may be 
represented: (NHL) 8[coo6cooLw12o32]·0.573(NHL) 2o•O.l01W03•o.2006CoO·l5.26H2o. 
L. Potentiometric Titration with 0.1 M NaOH Solution: Several 
titrations of samples containing 12-tungstodicobaltoate anions were carried 
out. A. general description of the experimental conditions has already 
been given in Section A of this chapter. 
One of the results derived from the titrations was the confirmation 
of the assignment of -8 as the anion chargel. A more important consequence 
1. L.c.w. Baker and T.P. McCutcheon, J. Am. Chem. Soc.,~' L503 (1956). 
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was the disclosure of a novel behavior observed upon dissolution of salts 
containing this anion. It was also deduced that the mechanism{s) by which 
these anions are degraded by alkali are quite different from those by which 
the 12-tungstomonocobaltate anions are degraded. 
{a) A 0.9790 g. sample of ammonium 12-tungstodicobaltoate (Preparation 
No. 1, which had been recrystallized from acidic solution) was dissolved 
in 70 ml. of boiled distilled water in a beaker at ~Jo0c. The beaker was 
closed with a rubber stopper which held a glass electrode and a calomel 
electrode. A stream of nitrogen gas was admitted continuously through 
an inlet. It swept out the air above the solution, and passed out around 
the tip of the burette, which contained 0.1017 M NaOH solution. Magnetic 
stirring was maintained throughout. 
The first pH reading recorded after insertion of the electrodes into 
the fresh solution was 7.6. The value decreased gradually to 6.7 over a 
period of perhaps an hour. No significant further decrease of pH took 
place over the succeeding 15 minutes. The sample was then titrated 
potentiometrically with alkali. The experimental results are shown in 
Fig. IV-10. 
The behavior of the 12-tungstodicobaltoate salt upon titration was 
very different from that exhibited by compounds of either of the 
12-tungstomonocobaltate anions. The latter had been degraded by base only 
slowly even at elevated temperatures, and the pH's of the solutions had 
continued to change for a long time after the addition of each increment 
of alkali. Degradation of the ammonium 12-tungstodicobaltoate salt, 
however, was very rapid even at room temperature, and the titration curve 
up to and through the "break" ( correspon:iing to complete degradation) could 
be completely traced in only a few hours. Degradation was accompanied by 
production of a voluminous lavender precipitate. 
Figure IV -10 
with 0.1 M NaOH Solution. 
Titration with 0.1017 M NaOH solution of O.OOLOl M 
OmL) 8[coa6coaLw12o32J at ""'30°C. under nitrogen. 
Ordinate: pH meter readings. 
Abscissa: Moles of NaOH per gram-atom of tetrahedral 
cobalt. 
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The precipitate which forms when tungstate is mixed with Co(II) in 
aqueous solutions having pH > 6.5 has been characterized as CoWOL 1• As 
indicated in Fig. IV-10, the reaction involves consumption of 12 moles of 
base per mole of salt. It may be represented by the equation: 
[Co06CoOLW12o32J-8 + 12 OH- -----+ 2 CoWOL + 10 WOL • + 6 H2o. 
(b) A 1.0158 g. sample of potassium 12-tungstodicobaltoate was dis-
solved in 65 ml. of boiled distilled water {pH< 7). The initial pH value 
of the solution, observed as quickly as possible after addition of the 
solvent, was 8.L. It fell to 7.70 after 15 minutes, and finally to 6.77 
after 75 more minutes and the addition of 25 ml. more of water. 
A measured excess of 0.1017 M NaOH solution was then added. The 
mixture containing the purple CoWOL precipitate was boiled for several 
minutes, whereupon some transposition took place. Upon cooling, a much 
lighter pink precipitate settled out. The mixture was back-titrated 
potentiometrically with 0.1019 M HCl solution. The inflection point 
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corresponded to 15.2 moles of base per mole of compound for the degradation 
reaction. 
Upon the supposition that the composition of the precipitate at the 
inflection point was a basic cobalt tungstate or a mixture of CoWOL and 
Co(OH) 2, the mixture was again rendered alkaline with a measured volume of 
standard alkali solution, and was cautiously treated with a small volume 
of 3% H2o2 solution, added dropwise under a watch-glass. Hydrous cobaltous 
oxide in basic solution is oxidized quantitatively with neither consumption 
nor production of oo- ions: 2 Co(OH) 2 + H2o2 -----+ 2 Co( OH) 3 • Any 
cobalt present as tungstate in basic solution is converted to highly 
1. D. H. Bradhurst, B. A. W. Collier and J. F. Duncan, J. Inorg. Nucl. 
Chem., k' 379 ( 1957) • 
insoluble hydrous cobaltic oxidel with accompanying consumption of OH-: 
Co( OH) 3 + WOL •. The overall 
stoichiometry for degradation of 12-tungstodicobaltoate with excess alkali 
~ hydrogen peroxide, 
[co06coOLWl2o32r 8 + 16 OH- + H2o2 --t 2 Co(OH) 3 + 12 WOL • + 6 H2o, 
is not different from the stoichiometry which would pertain if it were 
possible to precipitate all of the cobalt as hydrous Co(II) oxide under 
the conditions of the reaction: 
[Co06CoOLW12o32J-8 + 16 OH-
When the mixture obtained after treatment with hydrogen peroxide in 
alkaline solution was back-titrated with standard HCl solution, the 
inflection point corresponded to consumption of 16.L moles of base per 
mole of compound during the degradation reaction. That value is very 
close to the predicted value of 16.6, which was based on the consideration 
that the potassium salt contained 0.3 moles of excess Co(II) per mole of 
heteropoly compound. 
5. Absorption Spectrum of the Anion in Solution: The absorption 
spectra of solutions of (NHs)L(Co06CoOLW12o32] (Prep. No. 1) in sodium 
acetate (1M) - acetic acid ( .005 M) buffer solution of pH -7 were 
recorded with a Beckman Model DK-1 spectrophotometer. Solutions varying 
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in concentration from 1.00 x lo-2 M to 2.00 x lo-5 M were measured in 1.000 em. 
silica cells. The pH's of the different solutions were not quite equal, 
being 7.11 for the 0.01 M solution, and varying from 7.01 to 6.95 for 
solutions of concentrations L.oo x lo-3 to 2.00 x lo-5 M respectively. 
The complete spectrum, over the wave-length investigated, is shown in 
Fig. IV-11, with a logarithmic scale of absorptivity. The E values for 
1. L. c. w. Baker and T. P. McCutcheon, Anal. Chem., ~' 9LL (1950). 
Figure IV-11 
(Spectra recorded for solutions of several concen-
trations, having pH's buffered at 7.0. 
The absorption is concentration-dependent 
in the frequency r~es 9000 - 1L500 cm.-1 and 
17000 - 25000 cm.-1. The curve shown in those 
regions was recorded for 2.00 x l0-3 M solution.) 
Ordinate: Frequency, in units of 103 cm.-1. 
Abscissa: Logarithm of molar absorptivity (molar 
extinction coefficient). 
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solutions of several different concentrations did not overlap in the 
vicinity of 500 mp., but no detailed study was made of the effects of 
concentration upon absorbance. The continuous curve shown in Fig. IV -11 
for that region was recorded for a 2.00 x lo-3 M solution. The extent of 
the failure of the absorptivities to overlap when concentration was varied 
is shown in Fig. IV-12, which records the crystal field portion of the 
spectrum, using a linear scale of absorptivity. The lower curve in 
Fig. IV-12 was obtained using 2.00 x lo-3 M solution (as was the curve 
shown in Fig. IV-11); the upper curve was recorded using 1.00 x lo-2 M 
solution. Two solutions having intermediate concentrations gave curves 
lying between those shown in Fig. IV-12. 
In both Figs. IV-11 and IV-12, the absorption spectra at wave-lengths 
greater than 1320 mp. were plotted from observations made with saturated 
solutions of the ammonium salt in buffer solutions of pH • 7, when the 
solutions were contained in 1.0 mm. cells. 
a. pH-Dependence of the too mp Absorption Band: Six solutions 
were prepared by dissolving equal-sized samples of the salt in equal 
volumes of six different sodium acetate - acetic acid buffer solutions. 
The solutions, all 2.00 x lo-3 Min (NHs)~[co06coo~w12o32 ] (Prep. No. 1) 
had pH 1s • 2.1, J.O, ~.1, ~.9, 5.9, and 7.0. Shortly after each solution 
was prepared, its absorbance was recorded as a function of wave-ler~th 
between ~00 and 700 Irl)l' and between 2~5 and 360 mp.. Curves "A" through 
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11F11 of Fig. IV-13 show tracings of the spectra recorded in the former 
range. The scale of absorbance given as ordinate (Fig. IV-13) applies only 
to the lowest curve thereon ( 110 11). The other curves are plotted in terms 
of the same sized units for the ordinate, but each successive curve 
("F" through 11.A. 11 ) has been displaced upward from its predecessor by an 
Figure IV -12 
(Spectra recorded for solutions of several 
concentrations, having pH's buffered at 
7.0. 
The absorption is concentration-
dependent in the regions where double curves 
are shown. The ~per curves were obtained 
using 1.00 x lo-2 M solution; the lower 
curves were obtained using 2.00 x lo-3 M 
solution.) 
Ordinate: Frequency, in units of 103 cm.-1• 
Abscissa: Molar absorptivity (molar extinction coefficient). 
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Figure IV -13 
between 400 me and 700 me. 
(All solutions were 2.00 x lo-3 M in heteropoly salt.) 
Curve A: Buffered 
--
at pH • 7.0. 
Curve B: Buffered at pH • 5.9. 
Curve C: Buffered at pH 
- 4.9. 
Curve D: Buffered at pH • 4.1. 
Curve E: Buffered at pH 
- 3.0. 
Curve F: Buffered at pH 
- 2.1. 
Curve G: For Ba3[coa4w12o36] solution, 
buffered at pH • 4.2. 
Ordinate: Absorbance (optical density). 
The scale of absorbance given as ordinate applies 
only to the lowest curve, "G". The other curves are 
plotted in terms of the same sized units for the ordinate, 
but each successive curve ( "F" through 11A11 ) has been 
displaced upward from its predecessor by an increment of 
0.025 absorbance unit at 625 m~. 
Abscissa: Wave-length, in millimicrons. 
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increment of 0.025 absorbance unit at 625 mp. This displacement was 
necessary in making the graph, in order to show clear~ the progressive 
changes accompanying the pH variations. The lowest curve on the figure 
("G") is a tracing of the absorbance curve for a 2.00 x lo-3 M solution 
of Ba3[coO~w12o32 ] buffered at any pH between 2.3 and 5.9. 
The spectrum changes smoothly with decreasing pH from that of a 
solution 2.00 x lo-3 M in 12-tungstodicobaltoate to that of a solution 
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2.00 x lo-3 M in 12-tungstomonocobaltoate, with the major part of the change 
occurring between pH's ~ .9 and ~ .1. There appears to be no significant 
contribution to the spectrum of the heteropoly anion from the "exterior" 
Co(II) after it has been expelled from the anion by acid: The spectrum 
of a solution of ammonium 12-tungstodicobaltoate dissolved in a buffer 
solution of pH • 2 is superposable (in the 5~0 - 700 m~ wave-length 
region) upon the spectrum of a solution containing only 12-tungstocobaltoate 
of the same molar concentration. The 600 mp. maximum in the absorption 
band is therefore characteristic of the 12-tungstodicobaltoate anion when 
the "exterior" Co(II) is an integral part of the anionic complex. In 
contrast, an equimolar mixture of 12-tungstocobaltoate ions plus detached 
hydrated cobaltous cations shows on~ the spectrum of the heteropoly species. 
In the ultra-violet region, the same phenomenon was observed. With 
decrease of pH, the typical gently-sloping absorption spectrum which 
{Coo6coO~W12o32 ]-8 exhibits in a solution of pH • 7, gradually gave rise 
to the specific and more intense absorption band recorded for [CoO~w12o36]-6 
in solutions of various pH's. Fig. IV-~ shows partial tracings of the 
spectra recorded for solutions made by dissolving 12-tungstodicobaltoate 
salt in media having pH's 7.0 (curve "D'?to ~.1 (curve "A"). The solutions 
were 1.60 x lo-5 M in (NHa)~[Co06CoO~w12o32 ]. In this wave-length region, 
Figure IV -1~ 
Effect of pH on Absorbance of Solutions of (NH~) 8[Co06CoO~W12o32 J 
between 2~5 me and 330 se· 
(All solutions were 1.60 x lo-5 M in heteropoly salt.) 
Curve A: Buffered at pH • L.l. 
Curve B: Buffered at pH = L.9. 
Curve C: Buffered at pH • 5.9. 
Curve D: Buffered at pH • 7. 0. 
Ordinate: Absorbance (optical density). 
Abscissa: Wave-length, in millimicrons. 
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the spectrum of a 1.60 x lo-5 M Ba3(coO~w12o36] solution having pH • 5.9, 
for instance, can not be distinguished from the spectrum of a solution made 
by dissolving 1.60 x lo-5 mole of (NH8)~(Coo6coe~w12o32] per liter in a 
medium of pH • ~.1 (Fig. IV-~, curve "A"). Fig. IV-~ indicates that, at 
these concentrations, the major part of the change in spectrum, for 
solutions made by dissolving 12-tungstodicobaltoate salts, occurred in the 
pH range 5.9 to ~.9. This range is about one pH unit different from the 
pH range involved for the change in the visible region, for which the 
measurements involved much more concentrated solutions. The change in pH 
+ range would be expected on the basis of the concentration changes for H 
and for the anion, but it might also reflect a kinetic factor, since the 
ultra-violet spectra were recorded after longer del~s than those involved 
in recording the visible spectra. 
E. 12-Tungstocobaltocobaltiates 
1. Preparation of Potassium 12-Tungstocobaltocobaltiate: To a hot 
solution of sodium 12-tungstodicobaltoate1 were added three separate 12 g. 
portions of potassium persulfate. After each addition, the solution was 
boiled until evolution of oxygen ceased. During the oxidation, the color 
of the solution changed from dark green, through olive green, to the dark 
brown color of the desired anion. Boiling was continued for five minutes 
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after the last effervescence had ceased, and the solution was then filtered. 
The filtered solution contained sodium 12-tungstocobaltocobaltiate. 
The impure potassium salt was prepared by re-heating the solution and 
adding to it a hot solution containing ~00 g. of potassium nitrate in 
250 ml. of water. The mixture was allowed to cool slowly. The dark brown 
1. Section A, part 1 of this Chapter. 
cubic crystals which separated were filtered off before the solution cooled 
to room temperature. They were recrystallized five times from hot water 
which contained 2 drops of concentrated sulfuric acid solution per 100 ml. 
Analysis of K7[coa6coOLW12o32J•l5H20: 
Tetrahedral cobalt(III): 1.676, 1.662 (avg. of L), 1.677, 
1.657% Avg. • 1.663% 
Non-tetrahedral cobalt: 1.925, 1.905% 1.915% 
Total cobalt: 3.60L, 3.572, 3.579, 3.579, 3.580% 
Total oxidizing power (calculated as Co(III): 1.7L2, 
1.738, 1.7L3, 1.7L5, 1.7Ll% 
Tungsten: 62.16, 62.21, 61.90, 62.31% 
Potassium: 7.95, 7.91% 
3.579% 
1.7L2% 
62.15 % 
7.93% 
Water (by difference): 7.19 % 
K7[Co06CoOLW12o32]·15H2o requires: Tetrahedral cobalt • Non-tetrahedral 
cobalt • 1.665%; Total cobalt • 3.330%; Tungsten • 62.32%; 
Potassium • 7.73%; Water • 7.63%. 
2. Composition of the Sample: The formulation of all of the heteropoly 
compounds previously described in this work has been based on the percentages 
of cobalt present in tetrahedral sites in each compound. The percentages 
of Co(II) or Co(III) present in CoOL groups were determined by redox 
titrations which were shown to be quantitative, rapid, and reversible. It 
was found, however, that when samples of potassium 12-tungstocobaltocobalti-
ate were reduced, a small but fair~ reproducible amount of irreversible 
reduction occurred. The analytical results quoted for "Total oxidizing 
power, calculated as Co(III)" were calculated from the amounts of reducing 
agent required to bring the ions to the condition in which all the tetrahedral 
cobalt was present as Co(II). When the resulting solutions were quantitatively 
reoxidized with a standard solution of eerie ammonium sulfate, however, 
2~1 
fewer equivalents were required to reoxidize all the tetrahedral cobalt to 
Co(III). In two instances, samples which had been reduced and reoxidized 
were then quantitatively re-reduced and again reoxidized two more times. 
For each sample, all of the redox titration results were identical within 
the small experimental error, with the exception of the first titration 
with reducing agent. The percentage of tetrahedral cobalt was therefore 
calculated from the results of those titrations performed after each sample 
had first been quantitatively reduced. 
The question arises as to the source of the excess oxidizir~ power. 
The recrystallization history of the sample renders highly unlikely the 
presence of undecomposed potassium peroxydisulfate, of uncomplexed Co(III), 
or of hydrogen peroxide of recrystallization. Among the possible explanations 
are the following: (1) Some of the "exterior" octahedral cobalt sites in 
the anions are occupied by Co(III}. (2) Some of the tetrahedral cobalt 
sites within the anion are occupied by Co(IV). (J) Some peroxy bonds have 
been introduced into the tungstate skeleton of the anion. The results of 
the several tests described below tend to favor the first explanation, but 
do not eliminate the second possibility. 
(a) A sample of potassium 12-tungstocobaltocobaltiate was weighed out 
and dissolved in 0.5 M H2SO~ solution, but before it was potentiometrically 
titrated with reducing agent, the solution was warmed on a steam bath for 
nearly an hour. The solution was then cooled to room temperature, and 
titrated first with a reducing agent, then with an oxidizing agent. From 
the amount of reducing agent required, the "total oxidizing power" was 
calculated as 1.730% Co(III). The tetrahedral cobalt was calculated to 
be 1.657% from the amount of oxidizing agent required. The excess 1bxidizing 
power" had therefore remained essentially undestroyed by the prolonged 
heating. It woWW be expected that occluded peroxide or peroxydisulfate 
would have been destroyed by the heating. 
(b) 1 A sensitive color test for hydrogen peroxide was performed on 
a concentrated solution of potassium 12-tungstocobaltocobaltiate in dilute 
sulfuric acid solution. The concentration of the test and reagent 
solutions were such that a firm positive test should have been obtained if 
all of the excess oxidizing power arose from peroxy bonds and if all of the 
peroxy bonds were hydrolyzed during the test. No positive test color 
developed, even after the mixture of test and reagent solutions had stood 
for an hour. 
(c) A separate sample of potassium 12-tungstocobaltocobaltiate was 
weighed out, dissolved in 0.5 M H2SOL solution, reduced with ferrous 
sulfate solution, and quantitatively reoxidized with eerie ammonium 
sulfate solution. To the acidic solution containing the reoxidized 
heteropoly anions was added 23 mg. of a diamagnetic Co( III) compound 
tentatively formulated as K7[co+3o6(H2)oLw12o32]·nH2o. The latter compound 
was added because there are several strong lines of evidence2 which indicate 
that the anion is isostructural with [co+2o6co+3oLw12o32]-7, but has no 
cobalt in the tetrahedral sites and contains only Co(III) in the "exterior" 
octahedral sites. This new anion2 has been shown to be stable in acidic 
solution2• 
After this cobalt(III) compound had dissolved in the sample solution, 
the solution was again titrated with ferrous sulfate solution, and was 
found to require more ferrous sulfate than should have been needed for 
1. Chapter III, Section M of this dissertation. 
2. M. Shibata, Private communication, 1960; M. Shibata and 1. C. W. Baker, 
Abstracts of Papers Presented before Division of Inorganic 
Chemistry, National Meeting, American Chemical Society, New York, 
N. Y., 1960. 
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reduction of tetrahedral Co(III) alone (the latter prediction having been 
made on the basis of the percentage of tetrahedral cobalt already determined 
for the sample). Subsequent reoxidation of the solution, however, required 
the same volume of eerie ammonium sulfate solution as had been required to 
reoxidize the sample before addition of the new salt. 
The above experiments show that the presence of peroxy bonds is 
unlikely. If there were peroxy bonds in the anion, it would be expected 
that their slow hydrolysis to normal oxy bonds plus hydrogen peroxidel 
would be accelerated at elevated temperature, and that most or all of the 
H2o2 liberated would be decomposed during the heating. The difference 
between the results for the reduction and the oxidation titrations should 
therefore have decreased in Expt. (a) above, instead of remaining essentially 
constant. The conclusion is also supported by the finding of Expt. (b), 
that after beir~ in solution for an hour in the presence of a sensitive 
oxidizing agent, the 12-tungstocobaltocobaltiate salt did not liberate an 
amount of hydrogen peroxide which was detectable under the conditions of 
the test. (The latter result is not urequivocal proof of the absence of 
peroxy bonds, however.) 
On the other hand, the results of the experiments are entirely consistent 
with the assumption that a small proportion of the cobalt in "exterior" 
octahedral sites is present as Co(III). If the linkage in question (that 
between the Co06 group and the rest of the heteropoly anion) is stable to 
acid when the group is Co(III)o6, as has been shown to be true for the new 
compound mentioned above, then the difference between the results of the two 
redox titrations in Expt. (a) above would not be expected to change after 
an acidic solution of the salt had been warmed. Also the small but 
l. J. Kleinberg, W. J. Argersinger, Jr. and E. Griswold, "Inorganic 
Chemistry", D. C. Heath and Co., Boston, 1960, p. L32. 
reproducible amount of irreversible reduction would be satisfactorily 
explained. 
The existence of Co(IV) in oxidic compounds has been well-substantiated 
in only a few compounds, most of which are prepared by solid state oxidation 
at high temperatures1 and are decomposed by contact with acidified solutions. 
The existence of the only Co(IV)-containing heteropoly compound ever reported2 
has been placed in very considerable doubt3. Therefore, while none of the 
experiments mentioned above eliminates the possibility that the preparation 
described above produced material containing some Co(IV), the best way to 
explain all of the facts is to assume that the tetrahedral sites are 
occupied only by Co(III), while the octahedral sites are occupied both by 
Co(II) and by some Co(III). 
In order to represent the analytical results in terms of the above 
conclusions, it would be necessary to place a non-integral charge on the 
anion. Such a formulation would not clarify the actual status of the 
compound in any case. Therefore, the formula is represented below in the 
usual way, but it should be remembered that the small amount of Co(III) 
postulated is to be considered to be within the anion: 
K7 [co+2o6co+3o~w12o32]·0.l08Co0·0.02~co2o3 ·o.lOOK20·l~.35H 2o. 
3. Potentiometric Titration with 0.1 M NaOH Solution: Five samples of 
analyzed potassium 12-tungstocobaltocobaltiate were accurately weighed out 
and dissolved in boiled distilled water. They were decomposed by being 
heated with a measured excess of standard alkali solution. The mixtures 
were then cooled to room temperature and back-titrated with standard HCl 
1. J. Kleinberg, W. J. Argersinger, Jr. and E. Griswold, 11Inorganic 
Chemistry", D. C. Heath and Co., Boston, 1960, p. 550. 
2. R. D. Hall, J. Am. Chern. Soc., 29, 703 (1907). 
3. G • .A. Tsigdinos, Doctoral Dissertation, Boston University, 1961, 
pp. 80-81. 
solution according to the technique previously describedl. The results of 
the five titrations, in terms of moles of base required for decomposition 
of each mole of compound, were: 17.2, 16.5, 16.6, 17.0, 16.6; Avg. • 16.8. 
The range of values is very wide when compared to the results obtained in 
back-titrations of salts of both the 12-tungstomonocobaltate anions. 
Moreover, the results generally tend to be lower than expected. The 
explanation for both of these facts may very well be found in the same 
terms as those discussed for the decomposition of 12-tungstodicobaltoate 
salts: admixture of some cobalt tungstate into the hydrous Co(II) and Co(III) 
oxide precipitates. Although spread over a range of values, the results 
nonetheless show that the anion has -7 charge, the decomposition proceeding 
according to the equation: 
[co+2o6co+3oLw12o32r 7 + 17 oH- --+ co(OH) 2 + co(OH) 3 + 12 woL • + 6H2o. 
L. Absorption Spectrum of the Anion in Solution: The absorption 
spectra of solutions of K7[coo6cooLw12o32J in sodium acetate(l M) - acetic 
acid (.005 M) buffer solution of pH • 6.9 were recorded with a Beckman Model 
DK-1 spectrophotometer. The solutions, varying in concentration from 
5.00 x lo-3 M to 2.00 x lo-5 M, were contained in 1.000 em. silica cells. 
The long wave-length region of the spectrum was also recorded for a saturated 
solution of the salt in buffer solution of pH • 7, contained in a 1.0 mm. 
cell. 
The spectrum over the entire wavelength region investigated is shown 
on a logarithmic scale of molar absorptivity in Fig. IV-15. That part of 
the spectrum which corresponds to the crystal field spectrum of the 
12-tungstocobaltiate analogue is shown with a linear scale of molar 
absorptivity in Fig. IV-16. 
1. Section A, Part 5. 
Figure IV-15 
(Spectra were recorded for solutions of several 
concentrations, having pH's buffered at 7.0) 
Ordinate: Frequency, in units of 103 cm.-1• 
Abscissa: Logarithm of molar absorptivity (molar 
extinction coefficient). 
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Figure IV-16 
(Spectra were recorded for solutions of several 
concentrations, having pH 1 s buffered at 7.0.) 
Ordinate: Frequency, in units of 103 cm.-1. 
Abscissa: Molar absorptivity (molar extinction 
coefficient). 
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The immediate effect of pH on the spectrum of [co+2o6co+Jo4w12o32]-7 
was examined by recording the spectra of fresh solutions, which were prepared 
by dissolving weighed samples of the potassium salt in buffer solutions 
of pH 1s • 2.1, 3.0, 4.2, 4.9, 5.9, and 7.0. In general, the spectra of the 
fresh solutions with different pH 1 s were very similar. The 500 - 900 m~ 
region of each spectrum was particularly examined, because it is there that 
the absorbances of equimolar solutions of [co+2o6co+3o4w12o32]-7 and of 
[Co+3o4w12o36]-5 differ by factors up to 90. The maximum change of 
absorbance observed for 2.00 x lo-3 M solutions of the former anion in that 
wavelength region was less than a factor of 2 between pH 7 and pH 2. In 
the ultra-violet region, however, where solution concentrations were 
2.00 x lo-5 M, the beginnings of the ~263 mp band characteristic of 
[co+3o4w12o36]-5 were noted at pH 4.2, while at pH 2.1 the band was 
reasonably well developed. 
No systematic study was made of the change of the spectrum with time. 
The spectrum of a highly concentrated solution of K7[co+2o6co+3o4w12o32], 
slightly acidulated with sulfuric acid, was recorded in 1.0 mm. silica cells 
(1.000 em. cells with 0.900 em. spacers) after the solution had been boiled 
for several minutes and cooled. The spectrum was considerably changed from 
those of dilute solutions prepared at room temperature. No other experiments 
were performed to examine the effects of temperature upon the spectrum. 
F. Preliminary Investigation of a New Heteropoly Anion, a Tungstocobalto-
silicate 
1. Preparation of Potassium Tungstocobaltosilicate: This compound 
was prepared in a number of ways, two of which will be described in these 
pages. The most satisfactory method of preparation was as follows: 
To a solution containing 27 ml. of glacial acetic acid in 200 ml. of 
water were added 99.0 g. of Na2wo4·2H20 (0.3 mole) and 8.0 g. of 
Na2Si03·9H2o (0.028 mole). The solution was heated to boiling, whereupon 
a hot solution containing 6.24 g. of Co(CH3coo) 2·4H2o (0.025 mole) and 
6 drops of glacial acetic acid in 62 ml. of water was added slowly with 
stirring. The resulting deep wine-red solution, which contained the very 
soluble sodium salt of the anion, was boiled for five minutes and filtered 
while hot. The filtrate was then heated to boiling again, and 80 g. of 
potassium acetate dissolved in 40 ml. of hot water containing a few drops 
of glacial acetic acid was added to it. 
When these conditions were used, the potassium salt deposited very 
slowly. The solution was allowed to stand 2L hours, and the wine-red 
crystals of the potassium salt were then filtered off. The yield was 
approximately 85% of theoretical. The product was contaminated with a 
relatively small amount of white moderately-soluble tungsten-containing 
crystals, which may have been a salt of an isopoly tungstate or of a 
tungstosilicate. 
The crystalline red potassium salt, which exhibited a considerable 
change of solubility with temperature, was purified by recrystallization 
from an appropriate volume of hot water containing 0.5 ml. of glacial 
acetic acid per 100 ml. No trace of insoluble impurities was seen upon 
filtration of the hot solution containing the salt. 
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Semi-quantitative analyses were carried out on the once-recrystallized 
salt. The analytical procedures used for determination of tungsten and 
silicon have been described in Chapter III. Cobalt was estimated by 
precipitation as Co( pyridine) 4(SCN) 21 after precipitation and removal 
l. G. Spa_yu and F. Dick, Z. anal. Chern., ,l!, 97 (1927). 
of tungstate and most of the silicate. The results were: 
W • 62.7, 62.L; avg. • 62.5% 
Co• 1.8L, 1.86; 
Si• (Method 1)1: 
(Method 2) 1: 
avg. • 1.85% 
o.6o, o.79%; 
0.73%. 
In the case of the silicon analysis, the Method 2 result is probably more 
nearly accurate. It was obtained by volatilization of silicon as SiFL from 
the small amount of solid material remaining after all of the tungsten in 
the original sample had been volatilized. Method 1 involved (a) decomposition 
of the original sample by treatment with a small amount of concentrated 
nitric acid solution and subsequent ignition, which led to formation of 
tiny crystals of a material with metallic lustre, and (b) volatilization of 
silicon from the very large relative amount of hygroscopic material which 
was remaining after the decomposition. The incomplete results quoted above 
correspond to the following gram-atomic ratios of elements: 
W : Co : Si • 12 : 1.24 : 0.92. 
When 6 M NaOH solution was added to a small amount of the salt dissolved 
in pure water, only blue hydrous Co(II) oxide was precipitated. Addition 
of hot concentrated HCl solution to the heated mixture caused the cobalt 
oxide precipitate to dissolve, and yellow tungstic oxide to precipitate. 
Since the color of hydrous Co(II) oxide is quite sensitive to the presence 
of dark hydrous Co(III) oxide, the original compound contained only Co 
in the +2 oxidation state. 
Concentrated solutions of the salt in distilled water were very deep 
wine-red, but solutions in water containing small amounts of strong acids 
{HzSOL or HCl) were successively lighter at progressively lower pH's. 
Dilute solutions having [H+] ~ 1 were nearly _colorless, whereas dilute 
1. Chapter III, Section L of this dissertation. 
solutions in pure water were clearly red. Upon concentration by evaporation 
at room temperature, the very acidic solutions deposited clusters of large, 
colorless crystals, having the shape of very much elongated hexagonal plates. 
In every case, however, adjustment of pH by addition of sodium or potassium 
bicarbonate restored the dark red color of the solution. 
The compound appeared to undergo reversible color changes in solution 
upon treatment with oxidizing and reducing agents, but the nature of 
the possible products was not investigated, and no attempt was made to 
isolate crystalline products. The following paragraphs summarize a number 
of reactions which were carried out in test tubes. 
(a) A solution of the red salt, acidified with sulfuric acid, was 
heated and treated with small amounts of solid potassium peroxydisulfate. 
The resulting solution was clear and light yellow. Treatment of the yellow 
solution with either oxalic acid or hydrazinium sulfate restored the 
original pale pink color of the solution. 
(b) A neutral hot deep-red solution of the salt, treated by addition 
of portions of solid potassium peroxydisulfate, became yellow-brown in 
color, and had pH"' L. One portion of the solution was treated with oxalic 
acid, which reduced the pH below 2 and produced the pale orange-pink color 
characteristic of solutions of the red salt at that low pH. Subsequent 
addition of NaHC03 to the resulting solution restored the original dark 
red color. 
(c) Another portion of the oxidized yellow-brown solution {pH"' L) 
was first treated with NaHC03 until the pH was ....,6 and then reduced with 
oxalic acid (more bicarbonate being added to keep the pH up). This 
procedure also restored the solution to its original dark red color, but the 
intervening color change was different. Addition of NaHC03 to the oxidized 
yellow-brown solution caused it to darken to green-brown, and to become 
hazy. The change from the clear light yellow of acidic oxidized solutions 
to the hazy dark green-brown of neutral oxidized solutions appeared to 
depend only upon pH and to be reversible with pH. 
(d) For purposes of comparison, a solution containing only sodium 
tungstate was treated with potassium peroxydisulfate at different pH's. 
The resulting solutions were all colorless. Also, a neutral solution of 
potassium tungstocobaltosilicate was treated with excess Hco3-, followed 
by oxalic acid, and appeared to be unchanged. 
2. Experiments Demonstrating that the Cobalt is in the Anion and 
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Showing the Close Relationship to 12-Tungstosilicate: The experiments 
described in this section demonstrate convincingly that Co(II) is contained 
within the new heteropoly anion. Addition of strong acid to solutions 
containing the anion causes removal of cobalt from the anion. The behavior 
of the anions existing in acidic solutions resembles that of 12-tungsto-
silicate. It is therefore very likely, on the basis of the semi-quantitative 
analyses as well as the results of various experiments described below, 
that the new anion contains 12 tungsten atoms. 
To that extent, the tungstocobaltosilicate anion is analogous to the 
12-tungstodicobaltate anions. The loss of Co(II) by tungstocobaltosilicate 
anions, upon lowering of the pH, is easily and apparently quantitatively 
reversed when the pH is raised again. This contrasts with the 12-tungsto-
dicobaltate anions, which lose Co(II) easily and quantitatively when the 
pH is lowered, but for which the process is not readily reversible upon 
increase of pH. [Sio4w12o36]-L and [co+2oLw12o36]-
6 anions are isomorphs. 
The former can react with co+2 ion, as the pH is raised, without 
decomposition; but the analogous reaction with the latter isomorph is 
accompanied by production of many decomposition products. This is un-
doubtedly related to the fact that the range of pH stability for the 
12-tungstosilicate extends higher than that far the 12-tungstocobaltoate. 
The addition of Co(II) to 12-tungstosilicate can be used as a high-
yield method of preparation of the tungstocobaltosilicate anion: 
Use of strong base cation exchange resins (K+ cycle) in columns 
appears not to result in significant loss of Co(II) by tungstocobalto-
silicate, whereas passage of a solution containing 12-tungstodicobaltoate 
anions through a cation exchange column results in extensive removal of 
Co(II) and conversion to 12-tungstomonocobaltoate anions. 
a. Electrolytic Migration: A pair of electrolyses was performed 
in order to discover whether the cobalt in the compound is anionic or 
cationic. In the first experiment, 30 ml. of an approximately 0.03 M 
solution of red potassium tungstocobaltosilicate salt in pure water was 
mixed with 30 ml. of hot 5% agar-agar solution. Enough of the mixture was 
carefully poured through a funnel into a 6" U-tube to fill the latter to 
3/10 of its height. The U-tube was chilled until the agar-agar solution 
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had jelled, whereupon a second warm agar-agar solution containing potassium 
nitrate solution was poured into both arms to fill the U-tube to 3/L of its 
height. After the second layer had also jelled, both arms were covered 
with a small volume of potassium nitrate solution, and a 1 cm. 2 platinum 
foil electrode was inserted into the solution in each arm. The U-tube was 
placed in an ice bath and electrolyzed for four hours with a d.c. current 
of 25 milliamperes. (The applied potential dropped from an initial value 
of 95 volts to L5 volts.) 
At the end of four hours, the front of the red anion band had migrated 
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half-way into the potassium nitrate - agar-agar gel on the anode side. The 
red color was very considerably intensified on the anode side, and very 
much attenuated on the cathode side. A very small band of pale pink Co(II) 
ions had moved toward the cathode through the potassium nitrate - agar-agar 
gel. At the level where it encountered hydroxyl ions, migrating toward 
the anode from the solution surrounding the cathode where they were 
generated, a small band of blue hydrous Co(II) oxide had precipitated. 
A second experiment was conducted, like the previous one in every 
way save that the pH range of the test solution had been adjusted to 3 - L 
by addition of dilute acetic acid, making the test solution much lighter in 
color than in the previous experiment. After electrolysis for three hours 
at 25 milliamperes, the pink color, intensified on the anode side, had 
penetrated well into the clear agar-agar gel. A small band of pale pink 
Co(II) ions had moved toward the cathode, but the band of precipitated 
hydrous Co(II) oxide at its front was very narrow. 
The results of the experiments indicated that most of the Co(II) was 
in the anion, but that there probably was a small proportion of cationic 
Co(II) present also (see analysis). Taken alone, these experiments could 
not determine whether the cationic Co(II) was present also as cationic 
cobalt in the crystals of the red salt, whether it was produced by dis-
sociation upon dissolution, or whether it may have been generated only 
under the particular conditions of the electrolysis. 
b. Experiments employing an Anion Exchange Resin: Several ml. of 
Dowex l-2X anion exchange resin beads, 200-LOO mesh, was conditioned1 by 
alternate soakings in 2 M HCl solution and in distilled water. The resin 
was placed in a small column, regenerated1 in the cl- cycle by treatment with 
2 M HCl solution, and thoroughly rinsed1 with boiled distilled water. 
1. Footnote, Chapter III, Section A-1, p. 121. 
(1) Several ml. of a solution of the red potassium salt, containing 
approximately 1 g. of solute per 10 ml. of water, was poured through the 
column at a flow rate of 5 drops/minute. A red band developed at the top 
of the column, where the anion was removed from solution. The effluent 
solution was colorless, and contained only traces of Co(II). 
(2) The column was thorough~ washed with several column-volumes of 
distilled water. The red band at the top of the column did not spread or 
move down the column, nor did its color intensity diminish detectably. 
The wash solution was tested and found to be free of cobalt. 
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(3) Two ml. of 1 M HCl solution was passed through the column. As 
soon as the acid solution contacted the red band, the latter became 
immediate~ and complete~ decolorized. The effluent solution, collected 
separately, was visibly pink, and contained much Co(II). It was also tested 
for tungsten, and found to contain no detectable amount. 
The resin beads were removed from the column and placed in a 
beaker with hot 1 M NaOH solution. After being kept hot in the alkaline 
solution for several minutes, the mixture was treated with sufficient 
6 M HCl solution to neutralize the hydroxide ions and to provide an excess 
of several ml. Digestion of the acidic solution containing the resin 
beads led to precipitation of a small amount of bright yellow tungstic 
oxide. 
Thus it was shown that all except a small proportion of the Co(II) 
was removed with the anions on an anion exchange resin. Addition of a 
dilute solution of acid to the resin-held anions displaced cationic cobalt 
from the anions, but did not displace the colorless tungsten-containing 
anions remaining after removal of cobalt from the anionic complex. 
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c. Experiments employing Cation Exchange Resins: A deep red solution 
was prepared by dissolving 7 g. of the red potassium salt in 80 ml. of 
distilled water. The solution was divided into two equal portions, which 
were used in the following two experiments. 
(1) Thirteen ml. of wet conditioned1 Dowex 50W-8X cation exchange 
resin was placed in a 25 ml. burette. The resin was regenerated in the 
K+ cycle and thoroughly rinsed, as described previouslyl. One 40 ml. 
portion of the solution of the red potassium salt was passed through the 
column at a slow flow rate ( < 1 ml./min.). 
The effluent solution was deep red. Upon evaporation to dryness at 
room temperature, it deposited many uniformly small, slightly distorted, 
octahedral crystals, which were indistinguishable under the microscope 
from crystals of the original potassium tungstocobaltosilicate used to 
prepare the solution. The cation exchange resin did not take up any 
discernible amount of Co(II), but no sensitive test for cobalt was made. 
Upon subsequent regeneration of the resin by up-flow technique with 
4 M HCl solution, the first portion of the effluent regenerant was colorless, 
showing that any Co(II) uptake was very small at most. 
(2) Thirteen ml. of conditioned2 Dowex 50W-8X cation exchange resin 
was placed in a 25 ml. burette, was regenerated 2 in the H+ cycle, and was 
thoroughly rinsed 2• The second 40 ml. portion of the red potassium salt 
solution was passed through the column at a slow flow rate(< 1 ml./min.). 
~of the cobalt in the solution was rapidly and completely removed, 
as evidenced by the deep red band at the top of the ion exchange column, 
by the colorless effluent solution, and by sensitive tests for the presence 
of cobalt in the effluent solution. Upon slow evaporation of the effluent 
1. Footnote, Chapter III, Section A-1, p.121. 
2. Footnote, Chapter III, Section A-1, p.lll. 
solution, a cluster of large, very much elongated, hexagonal plates 
crystallized. In their appearance the crystals could not be distinguished 
from crystals of 12-tungstosilicic acid prepared by the method of North1• 
The effluent solution was allowed to evaporate to dryness, and the 
entire efflorescent crystalline residue was then powdered. The X-ray 
powder diffraction spectrum of the sample was recorded with a wide range 
goniometer (North American Philips Co., Inc., Mt. Vernon, N. Y.; Type 
No. 42202, used in conjunction with a water-cooled diffraction unit Type 
No. 12045 B/3 and an electronic circuit panel Type No. 12096). The 
spectrum contained, at the same diffraction angles, every peak exhibited 
in the X-ray diffraction spectrum of a powdered sample of pure 12-tungsto-
silicic acid, which was recorded on the same day. The peaks in both 
spectra were of the same relative intensities. This is a further support 
for the postulate that the tungstocobaltosilicate anion contains twelve 
W atoms. 
d. Precipitation Reactions: Several metathetical reactions support 
the conclusions that cobalt is contained within the anion, and that it is 
removed therefrom in solutions of low pH. 
(1) Addition of a concentrated solution of barium acetate having 
pH 6-7 to a solution of the red potassium salt in distilled water produced 
rapid deposition of a crystalline pink precipitate. 
{2) To a deep red solution of the potassium salt in pure water was 
added a solution of cinchonine hydrochloride which had been neutralized 
with NaHCo3• A voluminous pink precipitate was immediate~ produced. 
To an equal volume of pink solution of pH< 2, made by dissolving 
1. E. 0. North in "Inorganic Syntheses", Vol. I, H. S. Booth, Editor, 
McGraw-Hill Book Co., Inc., New York, 1939, p. 129. 
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an equal weight of the red potassium salt in dilute sulfuric acid solution, 
was added an unneutralized solution of cinchonine in 3 M HCl. A voluminous 
pure white precipitate was immediately produced. 
Since white precipitates can be obtained from solutions containing 
known cationic Co(II), the pink color of the precipitate obtained in neutral 
solution was not attributed to adsorbed or occluded cationic Co(II). 
e. Preparation of the Anion from 12-Tungstosilicate Anion: Potassium 
tur~stocobaltosilicate may be prepared with startir~ materials different 
from those given in Part 1 above. The procedure described below represents 
the results of only a limited amount of experimentation undertaken to 
determine the best conditions for the preparation. The bulk of the product 
obtained in this way seemed to be of lower purity than the product obtained 
by the method described at the beginning of Section F (above). 
A solution was prepared by dissolving 11.5 g. of hydrated 12-tungsto-
silicic acid (prepared by the method of North1) in 25 ml. of water containing 
3 ml. of glacial acetic acid. The pH of the solution was adjusted to near 6 
by slow addition of 2.~ g. of KHC03, with stirring. The solution was heated 
to boiling, and another solution containing 0.8 g. Co(CH3coo) 2 ·~H2o in 
8 ml. of water was added to it. The resulting deep red solution was 
filtered while hot. It was then reheated and treated with 15 g. of potassium 
acetate in 8 ml. of water containing a few drops of glacial acetic acid. 
Fairly pure dark red crystals of the potassium salt were obtained in 
~20% yield after several hours. The product was air-dried without 
recrystallization. A sample of the material was ground to powder, and its 
X-ray diffraction spectrum was recorded with the wide range goniometer, 
water-cooled diffraction unit and electronic circuit panel (North American 
1. E. 0. North in "Inorganic Syntheses", Vol. I, H. S. Booth, Editor, 
McGraw-Hill Book Co., Inc., New York, 1939, p. 129. 
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Philips Co., Inc.). The spectrum was identical with that of the recrystallized 
material prepared by the method previously described. 
The filtrate was allowed to stand at room temperature for a week. At 
the end of that time, a second crop of crystals of lower purity was filtered 
off, representing "'55% of the theoretical yield. After a second week, a 
third crop corresponding to N5% of the theoretical yield was filtered off. 
The latter appeared under the microscope to be homogeneous and relatively 
free from other crystalline impurities. 
3. Absorption Spectrum of the Anion in Solution: a. The first solutions 
for which the absorption spectra were recorded were prepared by quantitative 
dilution of a stock solution. The stock solution contained 0.876 g. of 
the semi-quantitatively analyzed salt dissolved in 25 ml. of sodium acetate 
(1M) -acetic acid (0.005 M) buffer solution having pH near 7. If it is 
assumed that the anion is a 12-tungsto anion, the molecular weight based 
on tungsten analysis is 3528 and the concentration of the stock solution was 
then within 1% of 0.0100 M. Molar absorptivities (molar extinction co-
efficients) were calculated on the basis of this concentration. Because 
the values of E were found to be L to 16 times greater than corresponding 
values of E for solutions containing Co(II) as CoSOL or Co(ClOL) 2, the 
error introduced into the £ values by neglecting the excess of cationic 
Co(II) detected in the compound is probably not more than 5% in most wave-
length regions. This estimate was corroborated in another way for other 
solutions {vide infra, part c). 
The absorption spectra of the stock solution and of dilutions prepared 
from it were recorded on a Beckman Model DK-1 spectrophotometer over the 
wavelength region 850 - 235 •· The concentration range was 1.0 x lo-2 M 
to 1.0 x lo-5 M. Silica cells (1.000 em.) were used. The crystal field 
portion of the spectrum arising from cobalt is shown as curve "N", on the 
right-hand side of Fig. IV-17. 
b. The spectrum of a 0.05 M solution of specially prepared and 
purified CoSOL1 in pure water was recorded with the Beckman DK-1 spectro-
photometer from lL50 - 1000 lll}l and from 600 - L50 mp. The values of E 
are shown as curve 11B11 in Fig. IV-17. The spectra of several solutions of 
Co(ClOL) 2 in pure water, varying in concentration from 0.13 to 0.95 M, 
were also recorded in the same wavelength region and were found to be very 
similar to that of cobalt sulfate for comparable concentrations. 
c. Several solutions of the potassium tungstocobaltosilicate salt 
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in pure water were prepared, having concentrations from O.OlL M to 0.17 M. 
(The latter concentration approximately corresponded to a saturated solution.) 
Their spectra were recorded, both in 1.000 em. silica cells and in 1.000 em. 
silica cells containing 0.900 em. spacers, from 1600 - 1000 mp and from 
600 - L50 mp. The concentrations were estimated in two ways: (1) by 
calculation from the experimental values of absorbance in the shorter 
wavelength region, corresponding values of EO being taken as identical to 
those already obtained from the spectra of 0.01 M solutions in pH 7 buffer 
solution (part a. above), and (2) by onefold dilution of each solution 
with concentrated perchloric acid, and comparison of the experimental values 
of absorbance with those obtained experimentally for solutions of Co(ClOL) 2 
in pure water. In the latter case, the reference solution was concentrated 
perchloric acid diluted to twice its volume with water. Also, the sample 
solution had to be allowed to stand for approximately 10 minutes to allow 
for settling of the crystalline 12-tungstosilicate precipitate. Molarities 
estimated by the two methods did not differ by more than 5% for any solution. 
1. Chapter III, Section A-1, p.l20. 
Figure IV -17 
Crlstal Field Abso~tion Spectra of Potassium Tungstocobaltosilicate 
and of Cobaltous Sulfate 
Curve A: Potassium Tungstocobaltosilicate in water. 
Curve A1 : Potassium Tungstocobaltosilicate in solutions 
buf'f ered at pH • 7. 
Curves B: Cobaltous sulfate in Water. 
Ordinate: Frequency, in units of 103 em. - 1• 
Abscissa: Molar absorptivity (molar extinction 
coefficient). 
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By these means, it was possible to estimate the absorptivities of the 
compound in the longer wavelength region, where the absorbance is relatively 
low. The values so obtained are shown as curve 11A11 on the left-hand side 
of Fig. IV-17, with a somewhat expanded linear scale of absorptivity. 
d. In order to ascertain that there was no interference from 12-tungsto-
silicate anions in the previous experiment, the spectrum of potassium 
12-tungstosilicate was recorded in sodium acetate - acetic acid buffer 
solutions of pH L.2 and 6.8. Moreover, since it has been shown by X-ray 
crystallographic means that both 12-tungstosilicate1 and 12-tungstocobaltiate2 
(and therefore also its isomorph, 12-tungstocobaltoate) anions possess the 
Keggin structure3, the recording of the 12-tungstosilicate anion spectrum 
made it possible to discriminate between absorption arising from the 
tungstate skeleton and absorption arising from crystal field transitions of 
the central transition metal ions in the spectra of the tungstocobaltates. 
Potassium 12-tungstosilicate was made by addition of 30% KCl solution 
to a solution of 12-tungstosilicic acid. The sample was recrystallized three 
times from solutions containing approximately 0.5 ml. of glacial acetic acid 
per 100 ml., and was air-dried. No quantitative analyses were performed, 
but the number of moles of water of hydration was estimated to be 11 from 
the weight loss of an accurately weighed sample after it had been heated 
for 8 hours at 155°C. 
Spectra were recorded with a Beckman DK-1 spectrophotometer, utilizing 
1.000 em. silica cells. 
1. 
2. 
3. 
R. Signer and H. Gross, Helv. Chim. Acta, 17, 1076 (193L). 
K. Eriks, N. F. Yannoni, U. C • .Agarwala, V.E. Simmons and L. C. W. Baker, 
Acta Cryst., 13, 1139 (1961). 
N. F. Yannoni, Doctoral Dissertation, Boston University, 1961. 
N. F. Yannoni, V. E. Simmons, K. Eriks and L. c. W. Baker, Abstracts of 
Papers Presented before Division of Inorganic Chemistry, Am. Chem. 
Soc. National Meeting, Atlantic City, September 1959. 
J. F. Keggin, Proc. Roy. Soc., lLL, 75 (193L). 
An O.OlOOM solution of KL[SiOLW12o36] in solution at pH L.2 or 6.8 
had negligible absorbance between 2000 and LOO m~. Absorption in the 
ultra-violet region was very strong, and required dilution of the two 
solutions (with appropriate buffer solutions) to 2.00 x lo-5 M. The 
logarithms of absorptivities have been plotted in Fig. IV-18 for the two 
solutions of different pH. 
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L. pH-Dependence of the Absorption Spectra of the Anion: The spectra 
of concentrated solutions of potassium tungstocobaltosilicate containing 
varying amounts of perchloric acid were recorded from 1800 - 1000 m~ and 
from 600 - L20 ~· The concentrations of Co(II) and H+ were not determined. 
It was clear that as the proportion of H+ increased, the absorbance of 
the solutions decreased, and the ratio of absorbances at the maxima of the 
two absorption bands (centered near 5L5 ~ and 1300 m~) decreased from 
,....13 to -L. In addition, the wavelengths of maximum absorbance for 
both bands shifted smoothly from 1300 and 5L5 IllJl (characteristic for the 
heteropoly anion) to 1250 and 510 m~ (characteristic for Co(II)). 
The positions of the bands are consistent with a distorted octahedral 
environment for the Co(II) in the tungstocobaltosilicate anion. 
Figure IV-18 
Curve A: Buffered at pH • L.2. 
Curve B: Buffered at pH • 6.8. 
Ordinate: Frequency, in units of 103 cm.-1• 
Abscissa: Logarithm of molar absorptivity (molar 
extinction coefficient). 
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CIU.PrBR V. MlGNETIC MEASUREKEllrS ON 12-TUNGSTOCOBALTAT:F!J 
The magnetic suaceptibili ties of salts of each of the f'our heteropoly 
12-tungstocobaltate anions described in the previous chapter were determined 
between room temperature am liquid nitrogen temperature, by me&n8 ot the 
Go~ ugnetic balance an:t low-temperature cryostat described in Chapter II. 
The procedure by which the samples were packed in the special pyrex tube 
am the various other steps taken to reduce errors have also been outlimtd 
in Chapter II. For every sample, measurements were made at tour tield 
strengths over the entire temperature range. In every case the data 
collected at the different field streng1;hs demonstrated the absence of 
ferroaagnetic illpurities. .l part of the standard procedure, used with 
all of the compounds, involved making measurements both as the sample vas 
cooled to liquid nitrogen temperature am again as it was warmed to room 
temperature. For every sample measured, all of the data recorded on both 
the cooling and the warming c~le tell with very high precision on. the 
same sraooth curve. 
For every sample pack~ of every compowxt, the experi.Dlental4r observed 
weight changes and the •effective overall packing densitY" (determined as 
described in Chapter II) were used to calculate gram-susceptibilities, 
with reference to hydrated nickel ammoniwa sulfate as calibrant. This 
compouni vas selected as the reference substance because an experimental 
stwiY" (detailed in Chapter II) had shown that it alone, ot tour well-
recoJIIIDSJXled calibration compounds, giTes magnetic results which are both 
reproducible and in accord with the magnetic behavior observed by several 
other careful workers. 
Molar susceptibilities of the heteropoly tungstocobaltate salts were 
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computed on the basis of the aolecular weights for the actual ana.J.ytical 
formulas deduced from the analyses reported in Chapter IV. For all of the 
12-tungstomonocobaltate salts investigated, the water contents of the 
actual samples from the Goey tube were determined by dehydration imllediate]¥ 
following the ugnetic experinlents, in order that allowance llight be made 
for the actual states of hydration. 
For every- compound investigated, the molar susceptibilities determined 
as described above were subsequent]¥ corrected for the umerlying 
diamagnetism of all of the atoms and for the temperature-independent 
paramagnetism of tetrahedral and octahedral Co( II) and of tetrahedral Co( III). 
Both the molar susceptibilities and the corrected molar susceptibilities 
are tabulated in the Appendix for the two highest field strengths at which 
measurements were made (7 .~ and 9.1o kgauss.). Corrected aolar susceptibil-
ities for each compound stmied are also shown graphically in Figs. V-2 
to V-7. In these figures also, only data recorded at the two highest field 
strengths are shown. The overlap of JI8.IIY' of the experimental points, 
however, makes it impossible to show all of the data without considerable 
-
expansion of the scales of the figures. (It the experimental points are 
io:licated by dots of the same size as in Figs. V-2 to V-7, the plots must 
be approximate]¥ 3 ft. x 2 ft. 1n order to separate the points so that most 
ot them can be shown. Such plots have been made and the extrapolations 
were made on them tor the prelia1D81"7 estilla.tions of Weiss constants. 
Plots on that scale are not reproduced herein since the only purpose would 
be to illustrate the unusually good precision, and that may be deduced from 
the data given in the Appendix.) In every- figure given in the following 
pages, most of the plotted points represent the identical values obtained 
tor at least two, and sometiEs as JIW'lY' as six, individual experimental 
points. 
A. General Background on Theory ot Paramagnetil!llll 
Although the quantum theory ot paramagnetism1 and the theory ot 
electrostatic crystalline tields2-6wr-e worked out three decades ago, 
it has only been in the last ten ,.ears that a widespread awareuess has 
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been developing, increasingly, concerning the significance ot those theories 
for the correlation ot ugnetic properties with optical, chemical, and 
other physical properties. The ramitications ot the theory- are thus 
currently in the process ot development as new data are acCUIIul.ated. The 
following brief review of some ot the main steps in the development of 
the theory of paramagneti• is included in this section in order to 
introduce some o:t the terms and equations which are used in this and 
the following chapter. A. second purpose is to bring together arrl present 
in one place the Jlain points which JllUBt be considered in connection with 
the properties o:t paramagnetic substances in magnetic fields. Derivations 
of important equations are only outlined or described, since they may 
be :toum in textbooks devoted to the subject (some o:t which are listed 
below1' 7 -9) • The large number ot recent developments in the :field, 
1. J. H. Van Vleck, "The Theory o:t Electric and Magnetic Susceptibilities•, 
Ox:tord University Preas, llew York arrl London, 1932. 
2. E. c. Stoner, Phil. Mag., 8, 250 (1929). 
3. H. Bathe, Ann. der Pbyaik,-[5], 3, 133 (1929). 
b. H. A. Kramers, K. !mat. Akad. Pr-oc., 32, 1176 (1929); 35, 1272 (1932); 
36, 17 (1933). - -
5. J. a-:-vanvleck, Pbys. ReT., bl, 208 (1932)J 
J. H. VanVleck, J. Chem. Pbii:', 3, 807 {1935); 7, 61 (1939). 
6. W. G. Penney alld R. Sch1app, Pbys7 Rev., bl, 19b-(1932); b2, 666 
(1932); b3, b85 {1933). - --
-1. E. c. Stoner, "Magnetism and Matter•, Methuen and Co., Ltd., London, 193b. 
8. L. F. Bates, "Modern Magnetism•, Third Ed., Cambridge University Press, 
New York and London, 1951. 
9. W. Klemm, "Magnetochemie•, Akadeaische Verlagsgesellachaft M.B.H., 
Leipzig, ~, 1936. 
particularly in the area ot ugnetic spin-spin interactiona (which give 
rise to .ferromagnetism, anti-ferroaagnetian, and ferrilllagnetia) are DOt 
included here, since it would be exceeding]¥ ditficult to present thea 
in a review both reasonably brief am fairly complete. Many ot the 
points will, howver, be considerably amplified in pertinent sectiona of 
Chapter VI, where references to soae ot the 11181\Y review articles and 
voluminous journal literature will be .fO'Ul'd. 
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B,y the em of the nineteenth century, the very extensive experiaental 
work of P. Curie1 had .firmly established several general conclusions 
about the behavior ot matter in a magnetic .field, the most important 
being: {1) the susceptibility of paramagnetic substances is imepement 
of the magnetic field strength, but varies inversely with absolute 
temperature to a first approximation. This has become known as Curie • s 
Law, 't ::s C /rr. (2) The susceptibility of diamagnetic substances is 
imepement of the magnitude of the magnetic field, and is uaually 
imepement ot, or varies only slightly with, temperature. { 3) SUbstances 
exhibiting terroaagnetiaa becoae paramagnetic above a certain characteristic 
temperature or temperature range. Curie's work constituted the first 
systematic, careful, and comprehensive experi.Ental investigation of the 
magnetic properties of matter in all states and, in particular, the .first 
extensive study of, and coordination of results on, paramagnetic substances. 
Upon this fira experimental base, Langevin2 developed the first 
significant theoretical interpretation of both diamagnetism. and paramagnetisa. 
Apart from the assUIIIPtion ot electrons traveling in closed orbits, his 
treatments depended in no way upon any aodel of atomic structure, and were 
1. P. Curie, Ann. de Cht.. et de Pbys. {7), 5, 269 {1695). 
2. P. Langevin, Ann. de Chill. et de Phys. (6], 5, 10 {1905); J. de Phys. (b), J!, 676 (1905) • -
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comple-tely classical. A paramagne-tic gas was considered as a collec-tion 
of rardomly-orien'ted 110lecular magnets, each with a penu.nent aagnetic 
moment }l.t and therefore possessed of a potential energy -pHcose 1n a field 
H {where 9 was the angle made by each magnet w:l.'th the field direction). 
It was assumed that, upon application of a magnetic field to a collection 
of such particles in thermal equilibrium, the distribution of particles 
oriented in different directions tenia to change 1n such a way as to lower 
the potential energy. The latter process would be limited by thermal 
agitation. On the basis of this model, Langevin deduced the foll~ 
expression for paramagnetic susceptibilit,r: 
2 
,CM • !!_ .t JkT (V-1) 
where ~refers to susceptibilit.f per mole of substance, N • Avogadro's 
number, p. • the peraanent 110lecular magnetic moment, k • the Boltzmann 
constant, and T • absolute temperature. The expression was, ot course, 
in accord with Curie's experimental fiD:iiDgs. It should be pointed out 
that the expression related only to the paramagnetic behavior ot substances 
with permanent magnetic moments, am that observed molar s118Ceptibilities 
must generally be appropriately corrected for the umer:qing diamagneti8lll 
of all atoms. It is also important that while the expression is a good 
approximation to the behavior of ~ paramagnetic&, a •serious criticism" 
has been leveled~- at its derivation. 
While the above relationship is in remarkably good general agreement 
with the e.xperiaental behavior of IUU\1 paramagnetic substances, it was 
found that better agreaent was ~ obtained over a wide r&Dge of 
1. L. F. Bates, "Modern MagnetiBIIl", Third Ed., Cambridge University Press, 
London, 1951, p. 18. 
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temperature with a relationship of the fOJ'IIla 'j- • 0 • This is known 
T- 9 
as the Curie-Weiss, or simply Weiss, Law, because it was Weisel who gave 
the first interpretation to values of e. While Langevin's model aSSUIISd 
no intluence of the permanent molecular aagnets upon one another 1 in Weiss• s 
modification it was as8UIIled that an interaction may exist, am that the 
effect of the interaction is equivalent to the existence or a •molecular 
magnetic field•, the magDitude of which is imicated by the magnitude of 
the •molecular field coJUJtant" e. This theory had particular significance 
for the development of the theoretical interpretation or ferromagnetic 
behavior. 
The connection between permanent magnetic moment and electron 
configuration was recognized When the newly-developed Bohr theory of 
atomic structure predicted the existence of ions with untilled electron 
shells. With the development of quantum theory, it became possible to 
interpret much of the growing accumulation of magnetic data and to predict 
new phenomena. Below are outlined derivations for the important limiting 
equations which apply to species with the pertinent types of electronic 
energy level schemes. Historically also, of course, the advancing of these 
separate expressions by Pauli, Soll1lerfeld, Hund and others, preceded the 
development of the detailed general quantum mechanical treatment by 
Van Vleck. In all cases below, it is assumed that the coupling of the 
orbital aJld spin moments of the electrons in each paramagnetic ion follows 
the Russell-Saumers coupling scheme. The latter has been fourd to apply, 
in other than Vf1rY strong fields, to rare earth ard first-row transition 
elements, among others. 
The simplest case to be considered is that of a system of ions such 
1. P. Weiss, J. de Phys. (L), ~' 661 (1907). 
that each ion is in ita lowest energy- state and such that that energy 
state is widely separated from the next higher energy state, i.e., 
hv(JJt)» kT. The angular moment'Wil vectors are given by s, L, am J, for 
spin, orbital, and total resultant ~ular molll8nt\lll respectively. 
Whereas in the classical treataent the component of magnetic moment 
parallel to H was pcose with all values of e allowed, in quant\1111 theory 
the spatial quantiz~tion of angular momentum requires that the magnetic 
moment component parallel to H take on only' the values M$ p, where: 
(l)MJ represents the projection of the total &l'lgular momentum vector J 
275 
upon the direction of the field, an:J takes on the values J, J-1, •••• , 
-(J-1), -J; (2) ~ is the Bohr magneton (B.M.), the fumamental unit of 
magnetic moment (~·g. • 0.927 x lo-20 erg/gausa1); and (3) g • the Lande 
'fniiC 
splitting factor, which arises because the ratio of magnetic moment to 
&l'lgular momentum for electron spin ll0Jl8nt is twice that tor electron 
orbital moment. Therefore the ratio of magnetic moment to angular 
momentum for any state depends upon the way in vhicb spin and orbital 
~ular 110menta are coupled to give the resultant angular 1110aentUil of 
that state. 
The magnetic potential energy ot each of the field-separated MJ levels 
ot the lowest J state is then given by -MJg~H, which may be substituted 
into the Maxwell-Boltzmannequation to discover the relative numbers of 
particles in each MJ level. The average molecular magnetic moment p. in 
a field H is evaluated2 by averaging the sum of the magnetic moments 
contributed by the particles in each MJ letrel (•tMJgt'•nJ , where 
nJ •KeHJg~H/kT) over the total number of particl!s in all M J levels ( •L nJ). 
J 
1. B. N. Figgi& and J. Lewis in "Modern Coordination Chemistry", J. Lewis 
and R. G. Wilkins, Ed., Interscience Publishers, Inc., New York, 
1960, p. ~01. 
2, L. F. Bates, "Modern Magnetisa•, Third F.d., Cambridge University Pl"ess, 
London; 1951, p. ~1. 
The susceptibility tor a gram-atom of paramagnetic atoms, h' u.y 
then be calculated from that magnetic JBOment: 
~p2 -l/2 l/2 The "effective magnetic moEnt•, defined by Jletr • ( JR ) <'f..M!> , 
is thust 
Jleff • g vJ(J + 1) B.M. 
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(V-2) 
(V-3) 
This expression is found to represent the magnetic behavior of m&nf of the 
rare earth ions quite well. 
In the case that the multiplets are narrow, by « kT, it is assumed (JJI) 
that the L•S coupling interaction is weak relative to the interaction of 
either vector with H. The orbital am spin momenta are then separately 
quantized 1 am the magnetic moment component parallel to H takes the 
values (Mgg8 + Hx,g1) ~ , where: ( 1) Kg JU.y take values S, S - 1, •••••• , 
-(S- 1) 1 -S; (2) ML may take values L, L- 11 •••••• , -(L - 1) 1 -L; 
(3) g8 • 2, aJJd ~ • 1. '!'he same treatment as that outlined above for 
wide multiplets leads to the expression: 
Jleff • V4S(S + l) • L(L + 1) B. M. (V-4) 
The general quantum mechanical treatment of Van Vleck substantiated 
both of these limiting expressions an:! also allowed calculations to be 
made for cases in which the separation of energy levels is comparable to 
kT. In those instances 1 the Curie law does not pertain, and the moment 
is a complicated function of temperature. In addition, the Van neck 
treatment showed that a frequency-dependent term which contributes a 
constant teaperature-irldependent paramagnetism must often be considered 
(see Section C 1 below) • 
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As indicated above, the magnetic behavior ot almost all of the rare 
earth ions 'IJ/fA1' be rationalized on the basis of Eqn. V-3. It was found, 
however, that the aagnetic properties of salts of the first row transition 
elements (the free ions of which have reasonably narrow llUltiplet widths) 
were different from thoee predicted by either &}n. V-3 or Eqn. V-l.t. After 
1 
a 8\lggestion by stoner , this tact was satisfactorily interpreted as an 
effect of the presence of crystalline electrostatic fields, according to 
the theory developed by Bethe, Kramers, am Van Vleck. 
The ions or 110lecules surrounding the paramagnetic ion act as a 
2 
source ot electric potential, and affect the orbitals containing unpaired 
electrons (d-orbitals tor transition elellent ions) so as to re110ve their 
degeneracy partially or completely. To the extent that the orbital momenta 
are oriented by the internal crystalline field they cannot respo:rd to an 
external m.agnetic field am are then said to be quenched. (Spin momenta 
are not generally affected by crystal fields except in oases of insllfticient 
magnetic dilution, where spin-spin exchange interactions may occur and 
give rise to ferromagnetic or anti-ferromagnetic behavior.) 
The extent of quenching depe:rds upon both the ByliUiletry and the strength 
of the crystal field, and upon the number am distribution of unpaired 
electrons over the orbitals. It the L degeneracy is affected to the 
extent that the separation of orbital levels becomes lllUCh greater than k'l', 
then the orbital contribution becomes negligible, the quenching is said to 
be complete, and the effective ugnetic 110ment is predicted to be& 
Jletf • 2 VS(S + 1) B. M. 
For cases of incomplete quenching, the effective magnetic 110ment is 
expected to lie between the values predicted by Eqns. V-l.t and V-5. 
1. E. c. Stoner, Phil. Mag., 8, 2.$0 (1929). 
2. c. J. Gorter, Phys. Rev., i2, l.t37 (1932). 
-
(V-S} 
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(It should be pointed out that even in cases where complete quenChing 
is predicted, the effective magnetic moment ILBY' be larger than that given 
by Eqn. V-5, the •spin-only forllUla•: (1) There may be a paramagnetic 
contribution of the frequency-dependent, temperature-independent type 
(usually referred to as 0temperatwe-independent paramagnetiSil" or •TIP") , 
arising from second-order effects of the magnetic field, am (2) Spin-orbit 
coupling may slightly change the description of a ground state vi th no 
orbital angular momentum by •mixing in11 some higher level which has orbital 
angUlar momentum (and is of the saae multiplicity). In the latter case, 
the actual effective magnetic moment Peff is related to the predicted 
11spin-only11 effective magnetic mo.ant P~tf by the expression1: 
o a'}..' )lett • P.eff ( 1 - h v ) , (V-6) 
where a is a constant depement upon the electron configuration, 'A' is the 
spin-orbit coupling constant for the complexed metal ion, am hJJ is the 
separation between the groum level am the level •mixed in11 • This 
situation is particularly important in the second half of the transition 
series, where L•S coupling is comparatively' strong.) 
Indeed, the considerable amount of work which has been done indicates 
that the obserYed magnetic aoments of all of the transition metal ions can 
be interpreted on the basis of the crystal field model generally' outlined 
above. (The effect of crystalline fields on rare earth ions is JllUCh less 
pronounced since the UI!paired ht electrons are relatively deep-seated.) 
It has also been shown2 that with increasing crystal field strength, 
RusseU-5aUDiers coupling is eventually broken down and the lowest energy 
state becomes the low-spin state rather than the high-spin state. This 
1. R. Schlapp and W. G. Penney, Pby's. Rev., h2, 666 (1932). 
2. J. H. Van Vleck, J. Chem. Phys., 3, 807 (~35). 
-
is the basis upon which earlier distinctions wre made between ncovalent• 
am •ionic • complexes of transition metal ions. 
It is frequently observed that the temperature-dependence of the 
susceptibility of salta and complexes of transition metal ions is better 
described by a Curie-Weiss law than by" a Curie law, even attar allowame 
is made for temperature-independent par8D18gnetism. The significance of 
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the value of e, the Weiss constant, has been the subject of JRUCh discussion. 
Negative val•s ot e, particularly large negative values, are 
frequently an indication of anti-parallel spin-spin interactions. (When the 
opposillg spins exactly balance each other leading to a resultant moment 
ot zero, the behavior is called anti-ferromagnetic J when the opposiDg spina 
do not cancel one another but give rise to a amall net magnetization, the 
behavior is called ferrimagnetic.) SUch interactions .may be cooperative 
phellOJilena spread over an entire lattice, or they may be intr811l0lecul.ar 
am iDvolve the paramagnetic atoms only in sets ot 2 or 3, etc. For 
various cases, depe!Xiing on the type ot interaction am on the .m.agni t'Ude 
of the spins ot the interacting atoms, relationships have been derived 
between the value ot J, the exchange co'Upling constant, and those of e 
and Tc. (Tc is the Curie temperature, below which spontaneous anti-
parallel aligDDent of spin DlOilents sets in.) 
Schlapp and Penney1, and Van Vleck2, elucidated another mechania 
which can give rise to a Curie-Weiss law behavior. The cases considered 
were Cr(III), Ni(II), and Co(II), tor allot which the tree-ion ground 
states are split by cubic crystal fields into one non-degenerate orbital 
level and two triply-degenerate orbital levels. Octahedral Cr(III) and 
1. R. Schlapp and W. G. Penney, Phys. Rev., L2, 666 ( 19 32) J see also g, 
19L (1932). --
2. J. H. Van Vleck, Fhys. Rev., Ll, 208 (1932). 
-
Ni(II) have singlets lying lowest, while octahedral Co(II) has a triplet 
lowest. In their analysis of the effects of cubic am distorted cubic 
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crystalline fields on these ions, the several authors showed that when a 
non-degenerate orbital level lies lowest in energy, (a) the observed values 
of ugnetic moment are close to the spin-oncy values (with a su.ll additional 
term proportional to 1\/lODq, arising from the aforementioned spin-orbit 
coupling with higher levels), and (b) the value of e is close to zero 
(i.e., Curie law behavior is approrlaated). When a degenerate level is 
placed lowest by the crystal field, however, its degeneracy JIIB:T be litted 
by the spin-orbit coupling interaction, by an asymmetric field, or by the 
combined effect of the distorted field and spin-orbit coupling interaction. 
The reaul.ts arez (1) the introduction of ugnetic anisotropy, and 
(2) introduction into the susceptibility expression of a term which is 
second order in T (temperature). The susceptibility then frequently 
approximates Curie-Weiss law behavior over limited temperature ranges. The 
iJXlicated value of e is, of course, different for different temperature 
ranges. It is dependent upon the relative magnitudes ot the spin-orbit 
coupling term and of the teru describing the asymmetric field. Umer 
these circUIIIItances, e is an empirical quantity which arises mainly trom 
the presence of the crystal field, but which is not uenable to direct 
correlation with the strength of the crystal field by existing techniques. 
Gritfiths1 am Figgis2 elaborated yet another possible source3 of 
relatively small 9 values b.f considering the combined effects or spin-orbit 
coupling and low-ByJIIDl8try fields upon a lowest s~let (A) or doublet (E) 
1. J. H. 1. Griffiths, Disc. Faraday Soc., No. 19, 127 (1955). 
2. B. N. Figgis, Trans. Faraday Soc., 56,15$3 (1960). 
3. First pointed out by H. Bethe, .lnn.a8f. Physik, [$], 1, 133 (1929), 
and by R. Schlapp and W. G. PenneY". 
h. R. Schlapp and W.G. Penney, Phys. Rev., g, 666 (1932). 
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orbital energy level. For the case of a br ground state with an orbit~ 
non-degenerate bA level lowest (as in tetrahedral Co(II) or octahedral 
Cr(III), tor example), they showed that while an axial field cannot directly 
at.tect the spin degeneracy of the .A. level, it can lift the orbital 
degeneracy of the next higher triplet level (T2). Spin-orbit coupling 
interaction between the ground level and the split upper triplet level can 
then raise the spin degeneracy of the A level even in the absence of a 
magnetic field. {See Fig. V-1.) On the basis of a limited amount of 
experimental evidence, Figgis speculated that the splitting for tetrahedral 
Co( II) would be of the order of several em. -l, which at liquid nitrogen 
temperatures would give rise to only relatively am.all deviations .from the 
predicted high temperatllre lillit of Pef.t as given by' Eqn. V-6, and thus to 
onl7 small estimated values of e. 
For lowest orbital-doublet energy levels (for example the -'E level 
of a 5n groun:l state, as in octahedral Cr(II) or tetrahedral Co( III), 
an axial field can lift the orbital degeneracy- directly1• (See Fig. V-1.) 
Again, the combined effect of an axial field am secom-order spin-orbit 
coupling can raise the spin degeneracy- of the lowest level by' what may be 
several em. -l, and may cause a small deviation from Curie law behavior. 
B. Diamagnetic Correction - 11 ~ 11 
Whereas paramagnetism is a property mainly of atoms with unpaired 
electrons and arises from the spin and orbital angular momenta of those 
electrons, diamagnetism is a property of all atoms am arises from the 
orbital motion of all of' the electrons. When a diamagnetic substance is 
placed in a JUgnetic field, it experiences an approximateq temperature-
1. B. N. Figgis, Trans. Faraday Soc., 56, 1553 (1960). 
-
Figure.V-la 
Energ Level Diagram tor the It, !era ot the d 7 Conti§!ration 
in a Tetrahedral Field 1. 
Figure V-lb 
Enersz Level Diagr8Dl tor the 5n Tara ot the d6 Configuration 
in a Tetrahedral Field1• 
(a) Field-tree ion. 
(b) Ettect ot a tetrahedral field. 
(c) Effect ot an axially di8'torted tetrahedral field. 
(d) Ettect ot the coabined action ot second-order spin-
orbit coupling am an axial.ly distorted tnra-
hedral field. 
{Energy level separations i11 sections (b) to (d) are not on the 
S81118 scale.) 
1. B. N. Figgis, Trans. Faraday Soc., 56, 1553 (1960). 
-
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{a) {lt) 
P'igure V-la. 
(a) (b) 
Pigure V-lb. 
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independent force in the direction opposite to that caused by' par811lagneti•, 
am U8UBl.l7 at least two orders ot ugnitude Sllaller. No particular 
diagnostic value has been attached to studies of diamagnetism, but 
alloW&DCe IIUSt be ude for it in studies of paramagnetic substances. 
Because the percentage of cobalt in the heteropoly 12-tungstocobaltates 
is ver7 low, the diamagnetic correction constitutes a fairly' large 
proportion of the experimentally observed susceptibilities at room 
temperature (over 7% for the 12-tungstocobaltoate salts). It vas therefore 
important that the correction be eatillated as accurately as possible. 
Most frequently", such corrections are estimated for inorganic complex 
co...,ounds by awaing the values for the underqi~ diazaagnetic ionic 
susceptibilities of all atoms in the formula. Sets ot reasonably' selt-
consiatem ionic susceptibility values have been calculated in JlUIIeroua 
ways from experimental determinations of diamagnetic susceptibility, am 
it has been shown that ionic suaceptibilities are closely' additive. 
Probably" the aoat extensive compilation is that given by' Selvood1, baaed 
on work by Kleaa2 • 
.la part of a study- to determine whether the degree of condensation of 
ions into complex ions had a:lf1' effect on ionic diaaagnetic susceptibilities, 
Pacault &IJd Souc~ measured a large number of sillple, isopoly', am 
heteropoly molybdates am tungstates. They- deduced that the dillll8.gDBtic 
ausceptibili ty vas totally" independent of the degree of condensation, but 
the values 'they obtained tor the aolar suaceptibili ties ot wo3 ( -15 ! l) lo-6, 
&lX1 of Mo03, (+3 t 1.6)10·
6
, are very different from those arrived at by' 
1. P. Selwood, "Magnetochemistr;r•, Second Ed., Interscience Publishers, 
Hew York, 1956, p. 78. 
2. v. nema, z. anorg. allgea. Chea., 2hh, 377 (19h0j 2h6, 3l!7 (19141). 
3. A. Pacault amP. Souchq, Bull. SoC. Chill., 19b9, rn?. 
-
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summing Selwoodla values tor the ionic susceptibilities of w+6 (-13 x 10~6) 
or Ko+6 (-7 x 10-6) am o• (-12 x 10-~ even it allowance is made for a 
reasonable constitutive correction. Their results did agree close~, 
however, with val'Oea obtained by' Kl-1 tor (w3)n and (Mo03)n. (The 
latter molar values are (-1$.8 t 0.3)10-6 and (+3.0 :!' 0.2)10-6 respective~, 
tor n • 1.) 
In order to discover the beat o values to be used tor the 12-tungsto-
cobaltates, a sample or Xh[S~bw12o36]·11H2o was prepared2 and studied. 
The compound was selected because ve had . proven that the 12-tungstomono-
cobaltate anions are isostructural with the 12-tungatoailicate anion, and 
differ only by substitution ot paramagnetic Co(II) or Co(III) for diaaagnetic 
Si(IV) • The llOlar auaceptibili ty ot the complex silicate vas directly 
estimated on the aaae G~ balance but utilizing a different sample tube 
and a different packing technique. It waa touo:i to be ( -$07 ! 7) 10-6 ega 
units at 32°C., relative to the susceptibility or Kobr 1s salt. 
The calculated values of 106fx tor Kb[SiObw12o36J •m2o were: 
(a) -832 cgs units, on the bases of Selwood Is values for the ionic 
auaceptibili ties ot t•, Si(IV), W(VI) , am o•, and or the accepted 
best villue tor the gram-susceptibility or vater3, and 
(b) -bb3 ega units, on the bases of the w3 value given by neun am by 
Pacault and Souchq, or Selvood I a values tor the ionic susceptibilities 
or K+, Si(IV), and o•, and of the accepted best val'Oe tor the gram-
susceptibility or water. 
1. w. Tille and W. Klemm, z. anorg. allgem. Chem., 2hO, 3$$ (1939). 
2. Chapter IV, Section F, Parts 2c and 3d, pp. 2$9 iii!' 26$. 
3. B. B. Figgia and J. Levis in "Modern Coordination Cheaiatry•, J. Levis 
and R. G. WilkiDS, Editors, I~eracience Publishers, Inc., 
lev York, 1960, p. bl$. 
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All ~ corrections for all of the heteropoly 12-tungstocobaltates 
aeasured in this work were calculated on the basis of the experilllental 
result for hydrated potassiwa 12-tungstosUicate. Appropriate corrections 
were made for differences in states of hydration, and for the diamagnetic 
contribution of the ionic susceptibilities of Co, Si, cations, etc. The 
error in the estimated diamagnetic corrections is probably less than 10%, 
am therefore represents a ma.ximum error of 0. 7% of the experimental 
susceptibilities in the most unfavorable cases, those of the potassi'OIIl 
am barium 12-tungstocobaltoate salts at higher temperatures. 
The actual correction used for each measurement of each of the salts 
is given in the Appendix together with the rest of the data. 
c. Temperature-Independent Paramagneti811 (•TIP11) of Cobalt 
As imicated in Section A above, it is foun:J in the general quantum 
mechanical treatment of paramagnetism that the second-order dependence 
of the energy of a paramagnetic system upon the magnetic field reaul ts in 
an additional summation term in the expression for the susceptibility. 
The contributions to the term, which arises troa non-diagonal eleJ18nts of 
the vector matrix for the magnetic mo.lll8nt, are indepe!Xlent of the field 
but depend ill'l'ersely upon the energy separation of different states. 
Qualitatively, this is equivalent to describing the grou!Xl state of the 
system in the field by mixing a aall amount of soJIEI higher state into the 
norlllal (zero field) groum state. The magnitude of the frequency-dependent 
paramagnetism depends upon the separation between the ground level and the 
level mixed in, but it is iDdependent of temperature so long u the 
separation is > kT. 
The expression for the TIP ot Co(II) in a tetrahedral field has been 
derived by several authora1·3, ard is most conveniently given as: 
TIP • 8Jf/lODq • 2.09/lODq. The TIP for Co(III) in a tetrahedral field 
has been given3 as ~~~2/lODq. On the basis of the Dq values estimated 
from the absorption apectrab, the following values were included in the 
corrections of the observed molar susc,ptibilities of the 12-tungstomono-
cobaltates: 
TIP of Co(II) in [CoObWl2o36J-6 • b70 x lo-6 ega units. 
TIP or Co(III) in [CoO~w12o36J-5 • 130 x lo-6 cgs units. 
The same values were used for tetrahedral cobalt in the 12-tungsto-
dicobaltates. In addition, Pryee 1 s utill8.te5 of 150 x 10·6 cgs units tor 
the TIP of Co(II) in an octahedral oxide lattice was used as a correction 
tor the non-tetrahedral Co{II) in the 12-tungstodicobaltates. The latter 
estimate may be in error by up to bO% in any particular case, but the 
error thereb,y introduced into the total molar susceptibility of the 
dicobaltate compoums is relatiYely ..U, even at the high end of the 
temperature range. 
D. 12-Tungstocobaltoate Salts 
The magnetic susceptibilities of ground portions of the cryatallim, 
ana.lyzed samples ot the hydrated potassl.um-acid salt and barium salt of 
12-tungatocobaltoate anion were deterained between room temperature am 
liquid nitrogen temperature, usi~ the Oouy magnetic balance am low-
temperature cryostat preYious:cy described. Measurements were made on 
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1. R. Schlapp and W. G. Penney, Phys. Rev., b2, 666 (1932). 
2. J. H. Van Vleck, Private coJIIIIUJli.cation to-p. Cossee, quoted in P. Cossee 
and A. E. van Arke1, J. Phys. Chem. Solids, 15, 1 (1960). 
3. B. N. Figgis, Trans. Faraday-Soc., 56,1553 (196ll'T. 
b. Chapter VI, Section .A., parts 3b and'"1ib, pp. 353 and 371. 
5. M. H. Pryce, quoted in P. Cossee, Molec. Phys., 11 125 (1960). 
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three separate packing& of the potassi'Wil acid-salt, with •effective 
overall packing densities• of 0.281_2, 0.238_3, and 0.226-L g./em., and 
on two separate packings of the bariua salt, with "effective overall 
packing densities" of 0.2371 and 0.237_1 g./em. Because the salts are 
somellhat efflorescent, the water content of each packed sample was 
separateq determined by total dehydration. Potassi\UI acid-salt samples 
were heated for 12 days at 17SOC. J bariwa salt samples were heated at 
16,5°c. for 6 days. All MaBUl"eaents were made over a range of field 
strengths, and no evidence of ferromagnetic illpurities was detected. The 
experimentalq determined values of aolar 8l18ceptibility (relative to 
the susceptibility of nickel ammoniua sulfate), as well as the corrected 
molar susceptibilities, are listed in the .Appemix. Results for all 
runs at the two highest field strengths (7 .~ and 9.1o lcgauss.) are 
included, but measurements at the two lowst field strengths have been 
omitted. The low temperature results for the first of the three runs on 
K~oOLw12o36] have also been omitted because extensive ice formation on 
both the inner cryostat wall and the sample tube occurred, in both the 
original and a repeat run with the same packed sample tube. The tube vas 
cleaned and bmlediately repacked with the same compoum, and added 
precautions (included in the description of procedure in Chapter ll) were 
taken to prevent recurrence of icing. 
The reciprocal molar susceptibility of the potassium acid-salt, 
corrected for diamagnetism and for temperature-independent paramagnetism 
as described above, has been plotted as a function of temperature in 
Fig. V-2. .An exceedingly similar graph is obtained for the reciprocal 
corrected molar susceptibility of the barium. salt as a function of 
temperature. However, the results for the barium salt have been represented 
in Fig. V-3 by plottirlg direct corrected molar susceptibilities vs. 
as a Fumtion of Temperature. 
(Only data recorded at the two highest field strengths 
are shown. All of the points plotted represent at 
least two, but up to six, independent overlapping 
experimental points.) 
Ordinate& 1/jM• , where f-M• • 110lar susceptibility 
in ega units, corrected for diamagnetism 
am for temperature-iDiependent para-
magnetism of Co(II). 
Abscissa: Temperature, in degrees Kelvin. 
• • Points deterrained for Packing No. 1. 
• • Points determined for Packing No. 2. 
o • Points determined for Packing No. 3. 
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Figure V-3 
as a Function ot Temperature. 
(0~ data recorded at the two highest field strengths 
are shown. Most ot the points .plotted represent tvo 
imependent overlapping experimental points.) 
Ordinate: 103 1M•, where ~· • molar suaceptibility 
in ega units, corrected for diamagnetiBil 
and for temperature-independent para-
magnetism ot Co( II) • 
Abscissa: 103 /T , where T • Temperature in degrees 
Kelrtn. 
D • Points determined for Packing No. 1. 
A • Points determined for Pacld.ng No. 2. 
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reciprocal temperature, in order to dieplay the excellent conforllity of 
the results even in the low teJIIPerature range. This method of plotting 
susceptibility data, although not very widely used, is advantageous in that 
errors in diamagnetic and TIP corrections are less signif'icant, am less 
likely to lead to misinterpretations of the resultsl, 2. Moreover, because 
the plot is relatively more sensitive to temperature measurement errors 
at the low end ot the temperature scale, it lends support for the reliability 
claimed previously for the method of estimating temperature. 
It is seen that the Curie-Weiss Law, 11t'(T - e) • C, is closely 
followed in the temperature range 80° to 3000[., with very small Weiss 
constants. The Curie am Weiss constants, C and e, as well as the 
effective Jaagnetic moments (in Bohr .magnetons) and the gt values, are 
tabulated immediately below (but see Chapter VI, Section .1, part 3b). 
The interrelationships of the various terms are reiterated: 
Jleff • 2.8~ .V)?M•{T - e) • g' vs{s + 1) • 
Table V -1. Experimentall.z Determined Values of Magnetic Constants 
for Salts of the [co•2o~w12o36]-6 Anion 
K$H[CoO~W12o36]•nH2o 
Ba3[CoO~W12o36]•DH20 
Parr 
~.26 
~.25 
gl 
2.20 
2.20 
c e 
..f0.6~. 
40.8~. 
Prel.imi.na:ey esti.Jiates of the Weiss constants were made graphically', 
on reciprocal {corrected) 8ll8Ceptibility-temperature plots several tiaes 
larger than those shown in Figs. V-2 and V-3. The values were estiaated 
by extrapolation (to the temperature axis) of the straight lines defined 
1. L. F. Bates, "Modern Magnetism•, Third Ed., Cambridge University Press, 
London, 1951, p. US. 
2. W. ne1111, "Magnetochemie•, .A.kademische Verlagsgesellschatt M.B.H., 
Leipzig, Germany, 1936, p. 113. 
by the experimental points. Those values were than varied until the 
best tit to a Curie-Weiss Law equation wu obtained with all of the 
experimental data for each compoUDd. The Weiss constants given in the 
table above (and in Section E below, tor K.5[ Co +3obw12o36J • nH2o) are the 
refined values. In each cue, howeverJ the graphically-estimated value 
and the mathematically-estimated value differed by less than 0.1 degree. 
An estimate of the sensitivity of the above values to errors in the 
applied corrections may be obtained from the following: addition of 
l> x lo-6 cgs units to the sum of the estimated corrections for 
Ba3[Co0bw12o361 •nH2o would result in as good a fit to a Curie-Weiss 
equation with the following values a 9 • o~.' c • 2.27, g' • 2. 21' am 
Peff • 1!.27 B. H. 
E. Potuei'OIIl 12-Tsstocobaltiate 
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The magnetic susceptibility of a ground portion of the cr,ystallineJ 
analyzed sample of hydrated potassium 12-tungstocobaltiate was determined 
between liquid nitrogen teaperature and room temperature by means of the 
Gouy magnetic balance and low-temperature cryostat previously described. 
Measurements were made on two separate packing& of the saltJ with 
•effective overall packing densities• of 0.232.5 and 0.22.52 g./em. The 
hydration state of each packing wu determined by total dehydration at 
165°C. for 6 and 30 days, and was found to be the same for both samples. 
The two sets of magnetic meanre•nts coincided exactly (Fig. V-b). The 
absence of ferromagnetic impurities was demonstrated. The experimentally 
determined molar susceptibilities and the corrected molar susceptibilities 
are tabulated in the Appendix. 
Fig. V -h is a plot of the reciprocal of the corrected molar 
susceptibility as a function of temperature, using the data from both 
Figure V-~ 
as a Function or Temeerature. 
(<>n:cy data recorded at the two highest field strengths 
are shown. Most ot the points plotted represent tw 
indepement overlapping experiaental points.) 
Ordinates 1/'f,K• , where jK' • molar susceptibility 
in cgs units, corrected for diamagneti811l 
am tor temperature-indepement para-
magnetism of Co( III). 
Abscissa: Temperature, in degrees Kelvin. 
D • Points detel'Jilined tor Packing No. 1. 
• • Points determined for Packing No. 2. 
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runs. The data .tit a Curie-Weiss law, with the following values of the 
magnetic quani;ities: Jlett • $.07 B.M., g1 • 2.07, C • 3.19, ar.d e • -1.1~. 
F. 12-Tungatodicobalt.oate Salts 
The magnetic susceptibilities of all three ana.l.ysed preparations of 
12-tungatodicobaltoate salts described in Section D of Chapter IV were 
meaaured between room temperature and liquid nitrogen temperature by the 
Oouy method. In these instances, however, the salts were not ground but 
were packed exactly as they were obtained from their final recrystallizations. 
This was done in order to prevent possible efflorescence, since no wq had 
been established by which the hydration state could be determined, as had 
been possible with the 12-tungatom.onocobaltates. The potassium salt and 
particularly Preparation No. 2 ot the a~Eomum salt were very finely 
crystalline, while Preparation No. 1 ot the 81111l0nium salt contained crystals 
ranging from 0.01 to 0.0$ •· on an edge (as estimated by microscopic 
examination using a micrometer eyepiece). However, because of the 
variation in particle size aDd the relatively large size of the particles, 
the sample pacld.Dgs were undoubtedly less uniform than were the paeld.ngs 
of the 12-tungatoDlOnocobaltates. It is also pertinent that the pac~ 
densities were lower than those of the 12-tungstomonocobaltate salts, 
being only about $0 to SS% of the crystal densities rather than~ to 
69% as were the latter. The samples of 12-tungstodicobaltoates .tor which 
the magnetic susceptibilities were determined were found to be cubic by 
X-ray diffraction powder techniques (vide intra). 
Measurements were ude on two pack:l.ngs of Preparation No. 1 of the 
81111J.Onium salt (which had involved recrystallization by slow cooling of hot, 
saturated, slightly acidulated solution). The 0 effective overall packing 
densities• were O.l33s am O.l3bb g./em. There was a difference ot 
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approximatelf 1% between the molar suaceptibilities calculated tor the two 
samples. The difference vas fairly uniform over the entire temperature 
range. The comparatively lover uniformity of sample packing is the .1110st 
likely explanation of this ditferenceJ however, the fact that the preparation 
consisted of a mixture of crystals containing at least two cubic forms vi th 
slightly different unit cell edges (vide infra) may also be significant in 
this connection. 
In order that all of the results for all of the preparations .111q be 
seen comparatively on the saae graph, they are shown in Fig. V-5 on a ~ 
vs. 1/T plot. It should be pointed out, however, that the "molar 
susceptibilities• of curves •A1• to "C" are based on the actual analytical 
formulas reported in Chapter IV and their 110lecular weights, and have 
been corrected only for the underlying diamagnetism of all atoms and tor 
the TIP ot octahedral and tetrahedral Co(II) atoms. Curves •A1 • and •A2•, 
for the two measured samples of Preparation No. 1 of the ungrolUld UIIIIOni:WR 
salt, therefore represent the corrected susceptibilities based on a formula 
which contains 1.000 gram-atom of tetrahedral Co(II) am 1.517 gram-atoms 
of non-tetrahedral Co{ II). Likewise, curve "B", which was plotted from the 
results of .magnetic measurements on a single packing of the unground 
potassium salt (•effective overall packing densityft O.l5lo g./em.), 
represents the corrected molar susceptibilities based on a formula 
containing 1.000 gram-atom of tetrahedral Co(n) and 1.298 gram-atoms of 
non-tetrahedral Co(II). Curve nc•, for Preparation No. 2 of the ungroun:l 
ammoniUlll salt {based on a single packing of •ettective overall packing 
density 0.1350 g./em.) represents the corrected molar susceptibilities 
based on a formula containing 1.000 gram-atom of tetrahedral Co(n) am 
1. 201.!, gram-atoms of non-tetrahedral Co(n) • 
Figure V-5 
Magnetic Susceptibilities of 12-!ungatodicobaltoate Salts, 
as a Function or Temperature. 
(Only data recorded at the two highest field strengths are 
shown. Most or the points plotted represent at least two 
indepen:lent overlapping experimental points.) 
Ordinate: 
Abscissa: 
103 'I ' M 
103/T, where T • Temperature in degrees Kelvin. 
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The following curves include corrections tor diamagnetism and tor 
temperature-independent paramagnetism or octahedral and tetrahedral 
Co(II), but not tor the susoeptibilit,y or excess uncomplexed Co(II): 
~olar susceptibilities" tor two separate 
pacldnga of (NHJ.,) a[ CoO!Po04Wl2o32J •Iti20, (Preparation No. 1). 
Curve B: ~olar susceptibilit.y• of K8[co06Po04w12o32J·nH2o. 
Curve C: "Molar susceptibility• or (NH4) 8[coa6coa4w12o32J •nH2o, {Preparation No. 2). 
The following curves include corrections tor diamagnetism, tor 
temperature-independent paramagnetism of octahedral and tetrahedral 
Co(II), and for the susceptibility of excess uncomplexed Co(II): 
Curves A1 1 and A2 1 : Molar suaceptibili ties for two separate 
packings of (NH4) 8[CoO~o04Wl2o32J·nH2o, 
(Preparation No. 1) • 
Curve B: Molar susceptibility of Ka[CoO~o04w12o32J •dl2o. 
Curve C: Molar susceptibility of (NHJ.,) 8[co06coa4w12o32J •Ji12o, 
{Preparation No. 2). 
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It is iEediately evident from Fig. V-5 that the molar susceptibilities 
increase too slowly with decreasing temperature to approximate Curie law or 
even Curie-Weiss law beharlor. Plots of reciprocal auaceptibility vs. T 
{not illustrated) show curvatures such that (1) extrapolation ot the data 
between ]90° am 300°K. leads to Weiss constants of the order of -25 to 
-35°, and (2) the indicated Weiss constants become increasingly larger 
negative numbers as the median temperature of successive temperature ranges 
is decreased. 
Such behavior is typical of anti:terromagnetic slJbstances. The 
possibility also arises, however, that the deviation .trom Curie-Weiss law 
behavior may be attributable solely to octahedral cobalt, which is present 
in large proportions in these preparations. It has been shownl,2 that the 
ground state of Co(II) is split by an octahedral field, am has a triply 
degenerate orbital level lying lowest, which is further split by api~orbit 
coupling. Such a situation leads to a prediction of temperature-deperdent 
magnetic moments; and, indeed, in a study of llixed oxides wherein Co(II) 
iBOalorphoualy replaced Mg in octahedral sites in the MgO lattice, the 
experimentally observed temperature-depemence of the magnetic moments and 
of the Weiss constants for Co(II) have been completely rationalized by 
Cossee3,J., (for the temperature range above 300~.) in terll8 of onl.Jr 
(a) spin-orbit coupling effects on the degenerate lowest orbital level o.r 
the ground state, and (b) a aall admixture of the next higher spin quartet 
state (J.,P) into the ground state. 
In order to interpret the magnetic data on the 12-tungstodicobaltoate 
1. R. Schlapp andW. G. Penney, Phya. Rev., 1.,2, 666 {1932). 
2. J. H. Van Vleck, Phys. Rev., 1.,1, 208 (193~. 
3. P. Cossee, Thesis, Leiden, 19~. 
1.,. P. Cossee, J. Molec. Phys., 1, 125 (1960). 
salts, the possibilities as to the nature of the paramagnetism must be 
considered in conjunction with the structure of the complexes, the 
compositions or the several preparations, and the coordination geometries 
ot the cobalt ions. These arguments will be elaborated in the Discussion 
Chapter, in which it will be shovn that all of the evidence is consistent 
with one particular model for antiferromagnetic interaction, am that the 
magnetic data are complete~ inconsistent with the assumption or totally 
imepeDdent, non-interacting octahedral and tetrahedral Co(II) ions. 
It was shown in Chapter IV that all of the alkali salt preparations 
ot 12-tungstodicobaltoates crystallized with excess Co(II) ions, and that 
the amount or excess cobalt was different for different preparations. In 
302 
order to allow the testing of models concerning the nature of the para-
magnetism of the 12-tungstodicobaltoate anion, it was necessar,y to correct 
the observed susceptibilities tor the magnetic contribution of the excess 
cobalt. For this purpose Bose's data1 tor the mean magnetic susceptibility 
ot Co(lfi1J) 2(so4)2•6H2o were used. That co.mpouDd was selected as the 
basis tor the correction largely because its effective magnetic moment 
at room temperature is reasonably representative ot the range of values 
observed tor various co06-containing compounds
1
-
3
• 
For each set of measurements on each heteropoly 12-tungstodicobaltoate 
salt, a number of points (8 to 15) was selected to cover the entire range 
ot temperature over which magnetic measurements were made. Corrections 
were then applied to these points, in accordance with the l'lUlllber of 
gram-atoms ot excess Co(II) in each preparation, as deterllined by chellical 
1. A.. Bose, Im. J. Phys., 22, 27 6 (1948) • 
2. P. Cos see, Thesis, Leideil, 19S6. 
3. B. c. Guha, Proc. Roy. Soc. (London), A206, 353 (1951). 
-
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analysis. For each temperature, an aaount calculated by tald~ the 
appropriate traction of the corrected molar suaeeptibili ty of 
Co(NHh) 2(soh) 2·6H2o at that temperature vas subtracted tr011 the "molar 
susceptibility• determined tor the heteropol:y salt preparation. The results 
obtained atter the corrections were made are shown as curves "Al' 11 , 11! 2 • n, 
•B••, and •c•• in Fig. V-5. 
There are pri.lllariq two reasons tor making the corrections in this 
way. (1) The excess cobalt is almost certainly octahedral.ly surrow:ded 
by o.x;ygen atoms1, and most or all of it is not directq associated with 
the anions, but is m.ost probably packed between the anions along vi th the 
other cations and water molecules of hydration. This statement will be 
supported in the Discussion Chapter. (2) An examination of curves "A" to 
•en abovs that the "molar susceptibility• curves cannot be analyzed into 
consistent additive contributions from the heteropoly dicobaltoate anions 
am from the excess cationic cobalt, am that it is therefore not possible 
to deduce, directly from the experimental susceptibility measurements, a 
unique correction curve for the magnetic contribution of excess cobalt in 
all of the salts. This is not surprising. It has been shovn3·5 that the 
magnetic susceptibility of octahedral Co(II) is particularly sensitive to 
the magnitude and symmetry of its crystal field. In a structure having 
1. The coordination geometry of Co(II) in hydrated salts of cobaltous 
cation, grown from neutral or slightly acidic solutions, has 
always been found to be octahedra12. There was no evidence from 
the spectra which indicated that the excess Co(II) was other than 
octahedral. 
2. F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chelllistry•, Inter-
science Publishers, John Wiley and Sons, Inc., New York, 1962, p. 722. 
3. R. Schlapp and w. o. Penney, Phys. Rev., h2, 666 (1932). 
h. R. S. Nyholm, Quart. Rev., 1, h02 (1953).-
5. A. Bose and s. c. Mitra., tnd. J. Pbys., !2, 393 (1952). 
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the complexity of the 12-tungstodicobaltoates, it is reasonable to consider 
that there can be several different general types of site at which a 
cationic Co{II) ion might be located with slight~ different local 
symmetries, and that the distribution of cobalt ions over the sites can 
vary with the preparative conditions and proportion of this excess cobalt. 
This consideration finds further support in the information obtained from 
X-ray diffraction powder patterns of the several salts. 
The X-ray diagrams, which were obtained with the wide-r~e goniometer 
using Cu radiation and a nickel filter, will be considered DM)re f'ull,y in 
the Discussion Chapter. The features of significance here are that ( 1) while 
all of the preparations appear to contain predo.adnantly cubic crystals, the 
cell edges for the different preparations are all different from one 
another, and (2) Preparation No. 1 of the ammonium salt contained a mixture 
of at least two cubic crystal forms. 
The diagrams were indexed on the basis of a simple cubic lattice, 
because no systematic extinctions were discovered in the range of 
diffraction angle over which data were recorded. The cell edges listed 
below may therefore be fractions of the true cell edges, but that does not 
invalidate their use for the purposes of this discussion. 
The cubic cell edges indicated for crystals of the several preparations 
are: 
For: Preparation No. 1 of (NH~) 8[coO~oO~W12o32]•rfi2o 
Preparation No. 2 of {NH~) 8[coO~oO~w12o32J •ri120 
Ka[Co06Po0~Wl2032]•DB20 
11.2 and 11.1 i 
11.0 j 
10.7- i 
Each unit cell (or corresponding traction of a unit cell, if the true cell 
edges are Dl1lltiples of the lengths given above) contains one formula unit. 
Thus the anion-anion distances are different in each salt, as are the 
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constraints upon the locations and enviro~~~ents of the excess cobalt ions. 
1 In addition, it has been reported that a single crystal of 8.111110:nium 
12-tungstodicobaltoate grown trom a cool solution saturated with the 
heteropoly salt was fowxl to be tetragonal by single crystal X-ray 
techniques. The X-ray diffraction patterns described above did not give 
indication of the presence of no~cubic forms2• 
Thus the structural complexity of the heteropoly 12-tungstodicobaltoate 
salts complicates the analysis of their aagnetic properties. In view of 
the unteasibility of using the observed magnetic data on the several salt 
preparations as a basis for internal deduction of a correction curve for 
the excess uncomplexed cobalt, am in view of the necessity for making some 
correction for the excess cobalt, it is reasonable to assume that the excess 
cobalt, on the whole, has magnetic properties similar to those of other 
complexes in which cobalt is octahedralq coordinated to water molecules. 
Since the total contribution of excess cobalt to the overall magnetic 
susceptibility of the heteropoly 12-tungatodicobaltoates is relatively 
small, o~ a small error should be introduced into the estillate of the 
susceptibility of the heteropoly anion if Bose's evaluation of the 
susceptibility of octahedral Co{II) were considerably different from the 
contributions actually made by the excess octahedral cobalt. 
G. Potassium 12-Tungstocobaltocobaltiate 
Two packings of unground portions of the analyzed sample of potassium 
12-tungstocobaltocobaltiate, described in Section I of Chapter IV, were 
measured with the Goey magnetic balance between 80° and 313°K. "Effective 
1. L. c. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc., 78, ~503 {1956). 
-2. K. Erika, Private Communication, 1962. 
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overall packiqg densities" of the two samples were 0.1122 and 0.173_2 g./em. 
As with the 12-tungstodicobaltoate analogues, the salt was packed just as 
it was obtained trom the final recrystallization. The crystals varied trom 
0.02 to 0.05 mm. in edge le»gth, with the largest portion of crystals 
being near 0.02 mm. long. 
Magnetic measurements were made at four field strengths over the 
entire temperatl.D:"e range. No evidence of ferr0111agnetism was observed. The 
data recorded at the two highest field strengths have been tabulated in 
the Appendix. As with all of the other coq>ounds, measurements were made 
both as the sample was cooled a.r.d again as it was warmed, in steps of 
fr0111 10° to !,0°. For the first sample packing, this procedure was carried 
out twice. All of the data recorded for that packing fall on the same 
smooth curve. 
The data for both sample packing& are shown in Fig. V-6 in a plot of 
reciprocal •molar susceptibility" vs. temperature. The data have been 
corrected for the underlying diamagnetism of all of the atoms and for the 
temperatve-ilxiependent paramagnetism of tetrahedral Co(III) and octahedral 
Co(II). In this case, as before, the "molar susceptibility" is based on 
the molecular weight for the actual analytical forlllUl.a reported in 
Chapter IV, and therefore it represents the susceptibility of a preparation 
which contained 1.000 gram-atom of tetrahedral Co(III), 1.108 gram-atoms of 
octahedral Co(II), and presumably 0.01.,8 gram-atom of octahedral Co( III). 
The dashed line in Fig. V-6 indicates the teq>eratve-depemence of 
susceptibility which might be expected if tetrahedral Co(III) and 
octahedral Co(II) contributed imepemently to the molar susceptibility. 
It vas estimated on the basis of a Curie constant of 3.188 for Co(III) 
(as observed for Ks[co•3ohw12o36]), am a llliniDrum Curie constant of 1.87 
for Co(II) (corresponding to a •spin-only• moment for Co( II)). 
Figure V-6 
Magnetic Susceptibility ot Potassium 12-Tungstocobaltocobaltiate, 
as a Function or Temperature. 
(Only data recorded at the two highest field strengths are shown. 
Every point plotted represents at least two, but up to six, 
independent overlapping experimental points.) 
Ordinate: 1/ t(M 1 , where 'j.M• • "Molar susceptibility", in cgs units. 
Abscissa: Temperature, in degrees Kelvin. 
Curve A: "Molar susceptibility" K7[co+
2o6co +:3oLw12o32J •riJ.2o, 
corrected for diamagnetism and for temperature-
independent paramagnetism of tetrahedral Co(III) 
and octahedral Co(II), but not corrected tor the 
susceptibility ot excess uncomplexed Co(II). 
Curve B: Molar susceptibility, corrected for diamagnetism and tor 
temperature-independent paramagnetism ot tetrahedral 
Co(III) and octahedral Co( II), and tor paramagnetism 
ot excess uncomplexed Co(II). 
Dashed line: Predicted · red·procal molar susceptibility tor a 
hypothetical substance containing the same 
number ot gram-atoms of non-interacting 
tetrahedral Co(III) and octahedral Co(II) am 
no other paramagnetic atoms. (See text for 
bases of the prediction.) 
• • Points determined tor Packing No. 1. 
0 • Points determined tor Packing No. 2. 
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The experi:aental data, corrected onq tar diamagnetiSil and teaperatve-
il1depeDdent paramagnetism, are also represented as curve •A• in fig. V-7, 
which is a plot of "mlar susceptibility• vs. reciprocal temper.atwe. 
Curve •B• of the same figve represents an attempt to deduce the magiJetic 
behavior of a pure suple of the heteropoq salt, by' incorporating the 
correction for the susceptibility of excess octahedral Co(II) based on 
Bose's data for Co(NH~)2(so~) 2 ·6H2o. (See Section F above.) 'the most 
significant thing about curve "B• is that it shows that the susceptibility 
of the cobalt atoms in the heteropoq anion is very nearly constant over 
the temperature-r~e investigated. Also, even at room temperature, the 
susceptibility is very much below that which would be predicted on the 
basis of totally" independent, non-interacting Co(II) and Co(III) atoms, 
as is evident f'rom Fig. V-6. 
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Figure V-7 
Magnetic Susceptibility ot Potassium 12-Tungstocobaltocobaltiate, 
as a Function ot Te11!ferature. 
Ordinate: 1031 M 
Abscissa: 103 /T, where T • Temperature in degrees Kelvin. 
Curve A: "Molar susceptibility", corrected tor diamagnetis.a am 
tor temperature-independent paramag:neti• ot tetra-
hedral Co(III) and octahedral Co(II) but not tor 
the susceptibility ot excess uncomplexed Co(II). 
Curve B: Molar susceptibility corrected tor diaaagnetism, tor 
temperature-independent paramagnetism ot tetra-
hedral Co(m) and octahedral Co(II) and tor the 
susceptibility ot excess uncomplexed Co(II). 
• • Points detel"'lined tor Packing Ho. 1. 
o • Points determined tor Packing No. 2. 
cD fD 
\ I 
04 
I 
• 
D\ 
.. 
a 
\ 
.. 
a 
\ 
~ 
.. 
~ 
• ~ 
l 
\ 
D 
\ 
a 
I 
[] 
a 
I 
• 
• 
a 
D 
v 
I I 
\ 
\ 
~ 
\ 
' \ 
• 
• \ 
~ 
<( ~ m 
I 
' 
.. 
\ 
• \ 
.. 
\, 
""' 
v N :·~~.lf·'?-:1.':~_;~~·- a) U) 
-I I I 
' 
I I I I I 
v v 
~ N 
I I I T 
""'! 
0 
c 
- " 
- 9 
0 
- d 
0 
- crj 
- ~ 
- Q (0 
0 
- IC) 
- Q v 
- 0 
Jf) 
- 0 
C\1 
0 
CHAPTER VI. DISCUSSION OF RESULTS 
A. 12-!ungstomonocobaltates 
1. Formulation 
a. Proof 
.As a result of this investigation, the two isostructural heteropol.y' 
12-tungstomoDOCobaltates studied have been forMill.ated as: 
[co•2o14w12o36]-
6 12-tungstocobaltoate, and 
+J ]_, 
[Co OJ..W12o36 12-tungstocobaltiate. 
These formulations were established b,y: 
(a) preparation of several salts and the free acids of both anions; 
{b) quantitative analyses for total Co, Co(n) or Co(lli), w, am 
cations, which established the M+n: Co : W ratios, showed that in each 
compound all of the cobalt was present in the indicated oxidation state, 
and showed that all of the cobalt could be quantitatively and reversiblJ 
oxidized or reduced; 
(c) potentiometric titrations, with alkali, of salts and acids of 
both anions, which established the charges of the anions and thus proved 
that each anion contains a minimum of !,0 oxygen atoms; 
{d) carefUl dehydration studies Which showed that salts of both 
anions can be completely dehydrated without decomposition, thereby 
demonstrating the absence of constitutional water in the anions and the 
presence of exactly Lo oxygen atoms in each anion,; and 
(e) cryoscopy in saturated sodium sulfate solution, which showed 
that the 12-tungstocobaltoate anion is a stable monomer in that solvent 
medi'Wil. 
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In the following sections, A-2 to A-5, the several types of evidence 
which establish the tetrahedral coordination of cobalt in both anions will 
be discussed • 
b. New Compounds 
313 
In the course of this study, two compounds of each anion were prepared 
and characterized for the first time: 
Ba3[co+2o~w12o36]·15H2o 
H6[co•2o~w12o36J•aq. 
Other compounds previously reported1 are K5H[co•2o~w12o36J·lBH2o and 
KLH[co•3oLw12o36]•20H2o. Attempts to prepare (e.g., by ion-exchange) 
a crystalline normal potassium salt of the 12-tungstocobaltoate anion 
led only to the isolation of a very highly hydrated amorphous solid. This 
difficulty, previously encountered in work with heteropoly anions, 
presumably arises because of the packing requirements of the anions2• 
It should be noted that the numbers of molecules of water of hydration 
in the salt formulas given above and elsewhere in this dissertation 
represent the actual proportion of water in the samples when they were 
analyzed. All of the hydrated salta are somewhat efflorescent. It has 
since been shown3 {see Section A, part 2 below) that the crystal structure 
of K5[Co0Lw12o361 •nH2o contains channels in which water can be held 
zeoqtically. ThuS the m.aximWil proportions of water molecules of hydration 
in perfect cr.ystals of the salts are probably slightly larger than those 
1. L. c. W. Baker and T. P. McCutcheon, J. Am. Cham. Soc., 78, L503 (1956). 
2. A. F. Wells, "Structural Inorganic Chemistry", Second Ed7; Oxford 
University Press, London, 1950, p. 353. 
3. N. F. Yannoni, Doctoral Dissertation, Boston University, 1961. 
indicated by the formulas above. 
2. Structure Proof 
The fact that the 12-tungstocobaltate anions contain exactly LO 
oxygen atoms apiece having been proved by the work reviewed in part 1 
above, the tetrahedral geo~~etry of the cobalt polyhedron within the anion 
was deduced from studies of the absorption spectra, of the magnetic 
susceptibilities, and of the redox behavior of the anions. An examination 
of structural possibilities for a complex of that formula then indicated 
that there is a very limited number of reasonably plausible structures 
for these anions, if each W atom is presumed to be surrounded by an 
octahedron of oxygen atoms, if no .face sharing of polyhedra is involved, 
am if each lll6 octahedron shares at least one corner with the central 
(CoOL) polyhedron. These limitations were considered since they have been 
foum to apply to all heteropoly tu.ngstates and molybdates .for which 
structures have been deduced to date. Only five structures for the anions 
were derived which fitted the .formula and these comitions. Of these, 
that deduced by Keggin1 for the 12-tungstophosphate anion, [POLw12o36]-3, 
appeared the most probabl,e (Fig. I-1). A structural X-ray investigation2 
confirmed that this was indeed the structure for 12-tungstocobaltiate 
anion in I5[CoOLW12o36]•20H2o. The isomorphism of the Co(II) and Co(III) 
analogues had been established by mixed crystal .formation and the virtual 
identity of powder patterns .for corresponding compounds of the two anions3. 
The structure of the anions {Fig. I-1) involves a central co04 
tetrahedron surrounded by, and sharing its corners with, a three-dimensional 
symmetrical arrangement of 12 1«>6 octrahedra which are themselves held 
1. J. F. leggin, Nature, 131, 908 (1933); Proc. Roy. Soc. (London), 
1144, 75 (1934). -
2. N. F:"'T"annoni, Doctoral Dissertation, Boston University, 1961. 
3. L. c. w. Baker and T. P. McCutcheon, J • .A.m. Cham. Soc.,~' L503 (1956). 
together by sharing of edges aDd corners. The twelve W atoms reside at 
the vertices of a cube-octahedron which has the Co at its center. This 
entire assemblage involves qO oxygen atoms. 
All o! the work on magnetic, spectral, and redox behaviors will be 
analyzed in succeeding parts of this Chapter, but it is convenient to 
establish the perspective here, by reviewing some of the background and 
results of that work, and its structural implications. 
Cobalt complexes have been among the most thoroughly studied of 
transition element complexes. It has long been thought that a light blue 
to light pink color in Co(II) complexes indicates octahedral coordination 
of Co, whereas a blue to green color indicates tetrahedral coordination 
of Co(II). Only in recent years, with the development of crystal field 
theory, has this relationship between stereochemistry and color been 
specificall;y defined and interpreted. It has, indeed, provided a broad 
area for testing and extending some of the predictions of crystal field 
theory, as recounted in numerous books and review articles1-7. The 
development of crystal field theory also led to the prediction of another 
relationship, that between stereochemistry and orbital contribution to 
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magnetic moment. The use of this correlation as a stereochemical diagnostic 
tool appears to have been first suggested by Nyholm~ although it had been 
1. c. 
2. L. 
3. L. 
L. T. 
5. D. 
6. J. 
7. c. 
8. R. 
K. Jprgensen, Reports of the lOth Solvay Conference in Chemistry, 
Brussels, 1956, pp. 355-385. 
E. Orgel, Ibid., pp. 269-354. 
E. Orgel, •An Introduction to Transition-Metal Chemistry: Ligand 
Field Theory", John Wiley and Sons, Inc., New York, 1960. 
M. Dunn in "Modern Coordination Chemistry", J. Lewis and R. G. 
Wilkins, Editors, Interscience Publishers, Inc., New York and 
London, 1960, pp. 229-300. 
S. McClure in "Solid State Physics•, Vol. 9, F. Seits am D. Turnbull, 
Editors, Academic Press, New York and London, 1959, pp. 399-525. 
S. Griffith and L. E. Orgel, Quart. Rev., 11, 381 (1957). 
K. Jprgensen, "Absorption Spectra and ChemiCal Bonding in Complexes", 
Pergamon Press, Ltd., Lomon, 1961. 
s. Nyholm, Quart. Rev., 7, 377 (1953); Reports of the lOth Solvay 
Conference in Chemistr,r; Brussels, 1956, pp. 225-288. 
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implied in numerous earlier papers concerning the effects of crystalline 
fields on magnetic properties. The inversion of energy levels which 
accompanies a change from octahedral to tetrahedral symmetry of electro-
static fields places a degenerate orbital triplet level lowest in octahedral 
Co(II) complexes, but a non-degenerate orbital singlet lowest in tetrahedral 
Co(II) complexes. A.s outlined at the beginning of Chapter V, this leads 
to a number of differeooes in .magnetic properties. Most prominent, perhaps, 
is the difference in magnitude of the orbital contribution to the magnetic 
moment, which has been fO\.l.OO to range from 0.8 - 1.3 B. M. for octahedral 
complexes1-3, and 0.2 - 0.9 B. M. far tetrahedral complexes with identical 
non-halogen ligands3-5. 
The chemical, spectral, and magnetic properties of the entire group 
of heteropoly tungstocobaltates were studied with a variety of purposes, 
most of which will be discussed in the ensuing sections. The paragraphs 
immediately below, however, will outline only the ways in which these 
studies led to the deduction of the stereochellistry of Co in the anions. 
Analysis of the absorption spectrum of [co•2o~w12o36]-6 in solution 
proves definitely that the Co(II) ion is tetrahedrally coordinated. The 
positions, intensities, structures, and widths of the absorption bands 
clearly confirm this interpretation, excluding the other possibilities. 
The magnetic moments of two different salts of the anion include small 
orbital contributions, of approximately o.~ B.M. That fact, plus the 
adherence of the susceptibility to a Curie-Weiss law with near-zero Weiss 
1. A. Bose and s. C. Mitra, Ind. J. Physics, 26, 393 (19.52). 
2. G. Fo:x, "Constantes Selectionees Diamagn6lisme et Parama.gnetisme•, 
Masson et Cie., Paris, 19.57. 
3. R. s. N,yholm, Quart. Rev., 1, 311 (19.53). 
h. P. Cossee, Thesis, Leiden, !9.56; J. Inorg. Nucl. Chem., 8, h83 (19.58) • 
.5. R. H. Holm and F. A.. Cotton, J. Chem. Phys., _E, 1168 ( 1'9'60) • 
connant, .Vongly support the assigment of tetrahedral sy1aetry, as 
explained in Chapter V. 
317 
The tetrahedral geometry of the Co(III) complex cannot be deduced by 
analogy with other Co(III) complexes: the 12-tungstocobaltiate anion is 
the only known complex containing tetrahedral Co{III). Therefore, the 
spectral am magnetic data obtained for that complex are of heightened 
theoretical interest. 
The spin-paired arrangement of electrons for d6 ions such as Co(III) 
1 is known to be high:cy stable umer JIISJJ1" conditions. It has been estimated 
that an electrostatic field correspoming to a Dq as small as 1750 em. -l 
is sufficient to stabilize the spin-paired configuration. Fields of at 
least that magnitude are created by the interaction of most ligams 
octahedral.ly coordinated to central ions in a +3 oxidation state. Even a 
ligand as low in the spectrochemical series2 as H2o produces a spin-paired 
(diamagnetic)) Co(III) complex, [Co(H20) 6]+3. The only two octahedral 
Co( III) configurations known to be spin-tree are those in [CoF 6]~(~) am 
Laeoa3 (5). Fluoride is quite low in the spectrochemical series, but oxide 
is usually considered to be somewhat higher in the series. To account for 
the fact that, of the many knovn Co( III) compoum s in which the Co is in 
a Co06 group, LaCo03 alone is paruaagnetic, it has been suggested6 that the 
oxygen atoms which surroum the Co in LaCo03 are strongly polarized by 
1. H. Yamatera, Bull. Chem. Soc. Japan, 31, 95 (1958). 
2. T. M. Dunn in "Modern Coordination Clleiiistry", J. Lewis am R. G. 
Wilkins, Editors, Interacience Publishers, Inc., New York and 
Lon:!on, 19Cl>, p. 266. 
3. H. L. Friedman, J. P. Hunt, R. A. Plane and H. Taube, J. Am. Chem. Soc., 
13, ~028 (1951). 
~. R. sctiolder an:! W. Klemm, A.ngew. Chem., 66, ~61 (195~); R. Hoppe, Reo. 
trav. chill., 75, 569 (1956); W. Kleu&; W. Brandt and R. Hoppe, 
z. anorg. al~em. Chem., 308, 179 (1961); F. A. Cotton and M. D. 
Meyers, J. A.m. Chem. Soc.~2, 5023 (1960). 
5. G. H. Jonker am J. H. van Santen, Physica, 19, 120 (1953). 
6. P. Cossee, J. Inorg. Nucl. Chea., ~~ ~83 ( 19;8> • 
La(III) ions in planes perpendicular to the Co-O direction, and that the 
polarizability of the oxygen atoms toward the Co(III) is therefore 
weakened. 
318 
Co(III) in the 12-tungstocobaltiate anion is fully paramagnetic, with 
an effective magnetic moment of 5.07 B.M., correspoming to the spin 
moment for 4 unpaired electrons and an orbital contribution of 0.17 B.M. 
This is what would be expected from a simple crystal field analysis of a 
tetrahedral d6 ion, for the following reasons: 
(a) Consideration of the potentials arising from various geometrically 
regular charge distributions leads to the prediction that for a given 
ligam and metal ion, Dq( tetrahedron) • - 4/9 Dq( octahedron). Since the 
splittings observed in metal oxides are usually very similar to those 
+++ 
observed in metal hydrates, and since Dq for [Co(H2o) 6) has been 
variously estimated1' 2 as being between 1900 and 2000 em. -1, it is clear 
that the electrostatic field in a Co(III)o4 arrangement should be insuf-
ficient to produce spin-pairing. 
(b) Because an orbital doublet lies lowest in a tetrahedral Co(III) 
complex, the orbital contribution is expected to be smaller than for 
octahedral spin-free Co(III) complexes (in which an orbital triplet lies 
lowest in energy). The effective magnetic moment of Co in Laeoa3 has not 
been reported, but a moment of 5.6 B.M. has most recently been given3 for 
K3[CoF 6], in which salt the complex anion is said to have nearly regular 
octahedral symmetryL. Since Fe(II) is also a d6 ion, the moments of spin-
free ferrous complexes might also be included for comparison. Effective 
1. H. Yamatera, Bull. Chem. Soc. Japan, 31, 95 (1958). 
2. c. K. J~gensen, Reports of the lOth 'SOlvay Conference in Chemistry, 
Brussels, 1956, p. 367. 
3. F. A. Cotton and M.D. Meyers, J. im. Chem. Soc., 82, 5023 (1960). 
4. M.D. Meyers and F. A. Cotton, J. Am. Cham. Soc.,~~ 5027 (1960). 
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magnetic moments for such complexes range between 5.2 and 5.5 B.M.\ but 
caution must be observed in making particular comparisons in these cases. 
Man;y of the Fe(II) complexes for which the magnetic moments have been 
measured are known to have distorted octahedral a.ymmetr~, which would be 
expected to decrease the orbital contribution by other mechanisms. 
The absorption spectrum of [Co •3oLw12o36]-5 is completely different 
from the spectra of all known octahedral Co( III) complexes, both spin-
paired and spin-free. The recent:cy published visible and near-infra-red 
2 
spectrum of tetrahedral VClL molecules , however, bears a striking 
resemblance to that of the tetrahedral Co(III) complex. This is not 
surprising on the basis of crystal field theory, since the energy level 
diagrams tor tetrahedral d1 ani tetrahedral d6 ions are qualitatively the 
same. 
All of the facts concerning the heteropoly cobaltate anions will be 
further analyzed and elaborated in succeeding sections of this chapter. 
The purpose of this review was to demonstrate how the cobalt polyhedron 
was originally proved to be tetrahedral. That fact, together with the 
fact that the complete heteropoly anion formulas involve exactly LO oxygen 
atoms, suggested that the anions could have the Keggin structure. 
In a cooperative program., N. F. Yannoni am K. Erika (of this 
laboratory) have determined the complete structure of the 12-tungstocobaltiate 
anion3 by single crystal X-ray structural techniques. They showed that 
the Co and W atoms are arranged as in the Keggin structure. In addition, 
they located all of the oxygen atoms directly, thereby providing the first 
complete confirmation of the general oxygen atom arrangement proposed 
1. P. Selwood, "Magnetochemistry", Second Ed., Interscience Publishers, 
Inc., New York, 1956, p. 209 ft. 
2. F. A. Blankenship and R. L. Belford, J. Chem. Phys., 36, 633 (1962). 
3. N. F. Yannoni, Doctoral Dissertation, Boston Universiw, 1961. 
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by Keggin. 
In the salt studied, K5[coO~W12o36]•20H2o, the anions are arranged 
in spirals of relatively large diameter. The channels thus formed contain 
zeolytic water molecules and presumably some or all of the potassium ions. 
The closest approach between the centers of oxygen atoms in two adjacent 
anions is 3.7 i. (The positions of oxygen atoms have been determined, 
with 99% certainty, to within 0.1 R, am the positions of Co am w, with 
much higher certainty, to within .... 0.01 .f.) 
The X-ray determination is the first in which all of the oxygen atoms 
have been directly located within a discrete polyanion. It therefore 
provides important information about distortions within the polyhedra. 
Distortion o:r the central tetrahedron and distortions of the W-0 framework 
are considered separately below. 
Co(III) is a d6 ion. In a tetrahedral weak field environment, the 
d-orbitals are split into a lower energy doublet, e, am a higher energy 
1 triplet, t 2• According to the Jahn-Teller theorem , a totally symmetric 
nuclear arrangement tor the configuration e3( t 2) 
3 should be unstable. 
Since the degeneracy is in the e-orbi tala, however, am since (from a 
molecular orbital point of view) the a-orbitals are essentiall7 non-bonding, 
it might be expected that the distortion would be relatively small. 
2 However, calculations recently made tor VCl~ indicate that Jahn-Teller 
distortion of the ~etrical configuration of that molecule should result 
in a stabilization energy of approximately 500 em. -l, and that at low 
temperatures, the molecule should assume the shape of an elongated 
tetrahedron, with two tetrahedral angles closed by about 6°, and the 
0 
remaining four angles opened by about 3 • These predictions have not 
1. H. A. Jahn and E. Teller, Proc. Roy. Soc. (London), Al6~, 117 (1938). 
2. C. J. Ballhausen and A. D. Liehr, Acta Chem. Scand., _!2, 175 ( 1961). 
been verified for the VCl~ molecule, but they are interesting in view of 
the structural information obtained for the Co(III)O~ tetrahedron, and 
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in view of the remarkable similarity between the spectra (and therefore the 
energy level structures) of the V(IV) and Co(III) compounds. With respect 
to Jahn-Teller distortion, tetrahedral V(IV) should be comparable to 
{spin-free) tetrahedral Co{III), since the half-filled shell b,y which their 
electron configurations differ cannot in itself distort the environment1• 
The X-ray structure shows that all of the Co-O distances in the 
heteropoly anion are 1.88 i, but that the tetrahedron is elongated. The 
three pairs of opposite 0-0 distances are 2. 7 j, 3.2 R, and 3.3 .f. It 
should be noted that the difference between the lengths of the two sets 
of long edges is within the experimental error. If the difference is real, 
then the tetrahedron is slight4' twisted as well as elongated. The twist 
amounts to approximately 5CJ when the two short edges are projected on a 
plane, the normal of which is mutually perpendicular to both edges (i.e., 
the interior angles of the projected lines are rough:cy 85° and 95°). If 
the difference is only apparent, then the tetrahedron is merely elongated, 
a.OO the long axis remains a four-fold inversion axis. The difference in 
length between the pair of short edges and the two pairs of long edges is 
well beyond the limits of e:xperilllental error. 
The data given above indicate that two of the tetrahedral angles of 
CoO~ are closed by nearly 18°, while the remaining four angles are opened 
by an average of slightly more than 10°. The actual distortion of the 
central tetrahedron is thus in the same direction as, but considerably 
greater in magnitude than, that predicted (but unverified) for VCl~. 
1. L. E. Orgel, "An Introduction to Transition-Metal Chemistry: Ligand 
Field Theory", John Wiley and Sons, Inc., New York, 1960, p. 62. 
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The overall symmetry of the anion is tetrahedral, with only a very 
slight distortion which could easi~ arise from packing forces. The latter 
distortion has been interpreted as a twist, but over a very small angle; 
moreover, there is no evidence that the w-o framework is elongated. It 
1 has been suggested that because the oxygen atoms of the central polyhedron 
are not simple ligands but are instead part of a three-dimensional network, 
they are influenced by both the central atom and the adjacent W atoms in 
such a way as to magnify Jahn-Teller-induced nuclear displacements. 
The X-ray results also indicate that the W-0 distances vary widely, 
and that many of them are considerably different from the sum of the ionic 
radii of W(VI) and o• (0.62 and 1.1.0 i respective~) 2 • All of theW atoms 
are displaced toward the outside of the anion, and all of the peripheral 0 
atoms are drawn inward, as contrasted with a structure composed of regular 
octahedra. In the octahedra, the longest W..O distances (those between the 
W atoms and the oxygen atoms which form part of the central tetrahedron) 
0 
average 2.23 A. The shortest W-0 distances (those between the W atoms and 
the lone peripheral 0 atoms not shared by other W atoms) average only 
1.58 X. These interesting facts have been interpreted1 in terms of intensive 
polarization of the peripheral oxygen atoms toward the interior of the 
anion, thereby decreasing the nucleophilic character of the exterior of the 
anion. This explanation is in excellent accord vi th numerous characteristics 
of the complexes, including low solvation, strength of their acids, reduced 
tendency toward H-bond formation, etc. 
Refinement of the single crystal X-ray data for a salt of the Co(II) 
isomorph has not yet been completed. The results of that investigation 
should have considerable significance, in view of the structural information 
1. L. c. w. Baker in "Advances in the Chemistry of the Coordination 
Compoullds", s. Kirschner, Editor, The Macmillan Company, New York, 
1961, pp. 60q-612. 
2. A. F. Wells, •structural Inorganic Chemistry", 2nd Edition, Oxford 
University Press, London., 1950, p. 70. 
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obtained for the Co(III) complex, and of the magnetic and spectral data 
for both ions. On the basis of the Jahn-Teller theorem alone, the central 
Co(II)Oh tetrahedron would be expected to be perfectly regular. 
3. The 12-Tungstocobaltoate Anion, [co•2ohw12o36J-
6 
a. Absorption Spectrum in Solution 
( 1) General Backgrourx! concerning Energy Level Diagrams for 
Co(n) , a 3d 1 Ion 
The field-free Co(II) ion has a LF grourxJ state, am only one other 
quartet state1, hp, ~ng lh,.570 em. -l above it2• All of the higher 
7 1 
states arising from the d configuration are doublets • 
When a:ny ion is surrounded by ligands, the potential arising from the 
electrostatic field alters the electronic energy level scheme of the ion. 
If the ion contains unpaired d- or !-electrons, the effect on optical and 
magnetic properties can be profound. 
The equation for the potential created by a regular cubic field 
surrounding a metal ion containing d-electrons has been derived by numerous 
authors3•5• The 1110st important terms5 are a spherical~ symmetrical term 
which is a function of the effective radius of the cation, and a fourth-
power function of the coordinates of the d- (or f-) electrons. The first 
term is the larger, and shifts the energies of all spectroscopic levels 
for the given configuration by a constant amount (in the first approxima-
tion). Addition of the Hamiltonian for the second-term potential to the 
Hamiltonian for the free UDperturbed ion leads to the prediction that the 
previously five-fold degenerate set of d-electron orbitals is split into 
1. G. Herzberg, "Atomic Spectra and .Atomic Structure", Prentice-Hall, Inc., 
New York, 193L. 
2. R. Stahl.-Brada and W. Low, Phys. Rev., 11fii 77.5 (19.59). 
3. W. G. Penney and R. Schlapp, Phys. Rev., , 19h (1932); h2, 666 (1932). 
L. J. H. Van Vleck, Phys. Rev., Ll, 208 (193~. --
.5. w. Moffitt and c. J. Ballhausen, Ann. Rev. Phys. Chem., 1' 107 (1956). 
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two groups: a lower, three-fold degenerate set frequently designated as 
t 2-orbitals, and an upper two-fold degenerate set frequently designated 
as a-orbitals. The separation between the t 2 and e one-electron orbitals 
is usually called 10 Dq (but also 6, (I1_ - E2), etc.). As a result of 
the change in configuration, ma.ny of the spectroscopic states are split. 
Fields of lower than cubic SYJIIIletry lead to an even higher degree of 
splitting. 
In those octahedral Co(II) complexes for which the spectra have been 
recorded (see the references in the review article by J,frgensen1, Dq 
usually has a value between 900 am 1100 em. -1• The crystal field energy 
is therefore somewhat smaller than the interelectron repulsion energy 
(the main factor in determining the :tree-ion level structure), and the weak 
field treatment is thus a reasonable first approximation. In the weak 
field limit, the crystal field is treated as a perturbation upon the 
states of the free ion. The s.ymmetry defined by the perturbation term 
in the Hamiltonian governs the nature of the splitting of spectroscopic 
states. By applying group theory, Bethe2 deduced the splitting schemes for 
many states arising in ions surroumed by fields of various symmetries. He 
showed that, in a cubic field, the LF ground state of Co(II) is split 
into three levels with symmetry designations Tlg' T2g' and A2g. The 4p 
state is not split by a cubic field, and has T lg symmetry. 
The order of levels in octahedral weak field complexes of Co(II)3,4 is 
exactly as given above, with the Tlg (~) level lowest in energy. Three 
1. c. K. J~rgensen, Report of the loth Solvay Conference in Chemistry, 
Brussels, 1956, pp. 355-385. 
2. H. Bethe, Ann. Physik [5], 3, 133 (1929). 
3. W. Moffitt and C. J. Ballhausen, Ann. Rev. Phys. Chern., 1, 107 (1956). 
4. J. H. Van Vleck, Phys. Rev., k!' 208 (1932). 
spin-allowed transitions are therefore possible: 
v1 : ~Tl(~F) ~ 
v2 ~T1(~F) ----+ 
v3 : ~Tl (~F) ---+ 
In the weak field limit, the energies of these transitions are functions 
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only o! the crystal field parameter, Dq. The predicted absorption 
frequencies are: v1 • 8 Dq, v2 • 18 Dq, v3 • 6 Dq + LW,510 cm.-
1
• It is 
found experimentally that these three observed frequencies can sometimes be 
approximate~ correlated with the single parameter Dql-3, but that 
reasonably detailed interpretations require a theoretical treatment in which 
both the crystal field and the interelectronic repulsion interaction are 
considered simultaneous~~-7, thereb,y allowing for the interaction of 
states with the same symmetry character but different configurations. 
Transition energies are then computed as !unctions of both the crystal 
field parameter Dq, and the electrostatic interaction parameters B an:i C. 
(The Racah parameters8 B and C correspond to the Slater-Condon~ortle,y 
parameters9,IO F2 and F~.) 
Tanabe and Sugano~ have made the most extensive calculations of the 
matrix elements for the various d-electron configurations in an octahedral 
I. c. J. Ballhausen and c. K. J,rgensen, Acta Chem. Scand., 9, 397 (1955). 
2. C. K. J~rgensen, Acta Chem. Scand., 8, ~95 and 1502 (195li),; 9, 116 and 
1362 (1955). - -
3. L. E. Orgel, J. Chem. Phys., 23, 100~ (1955). 
~. Y. Tanabe and S. Sugano, J. Pnys. Soc. Japan, 9, 153 an:i 766 (1955). 
5. W. Low, Phys. Rev., 109, 256 (1958). -
6. A. Abragam and M. H.-r: Pryce, Proc. Roy. Soc. (London), A206, 173 (1951). 
1. R. Pappalardo, Phil. Mag. [8), ~' 219 (1959). ----
8. G. Racah, Phys. Rev., 62, ~38 (!9~2). 
9. J. c. Slater, Phys. ReV:, 3~, 1293 (1929),; 36, 57 (1930). 
10. E. U. Condon and G. H. Shortley, "The Theoeyo! Atomic Spectra•, 
Cambridge University Press, New York and London, 1935. 
326 
crystal field. They used a Hamiltonian which included terms for the crystal 
field and electrostatic interaction, but neglected the spin-orbit coupling 
interaction. Since A, the spin-orbit coupling parameter, has the valuel 
-178 em. -l for Co( II), the relative magnitudes of Dq and i\ are such that 
the effects of spin-orbit coupling on transition energies for octahedral 
Co(II) species (and on the transition energies of most other transition 
metal ions in octahedral fiBlds) can be considered negligible in a first 
approximation. The same is of course not true for the magnetic properties 
of octahedral Co(II) species which, because they arise largely from the 
~T1 (~F) ground state, depend in an important way upon the spin-orbit 
coupling (vide infra) • 
The effects of a tetrahedral arrangement of ligands around a transition 
metal ion differ in several significant ways from those of an octahedral 
arrqement. In the first place, the sign of the splitting parameter is 
opposite for tetrahedral and octahedral fields, and therefore the level 
order in tetrahedral {Td) fields is inverted with respect to that for 
octahedral {<1t) fields. For tetrahedral Co(II) complexes, the two-fold 
degenerate a-orbitals lie below the three-fold degenerate t 2-orbitals. 
Also (see Fig. V-la), the ~ state therefore gives rise to A2, T2, and T1 
levels (in order of increasing energy), and the ~ state remains unsplit and 
transforms as T1• Thus three spin-allowed transitions are still possible. 
The transitions, and their correspo:rxling energies (as functions of Dq) in the 
weak field limit, are predicted to be: 
.J/1 . 4A2(~) 
---+ ~T2(4F) v1 • 10 Dq ·• 
!)2 : 4A2(4F) ---+ ~T1 (4F) v2 • 18 Dq (VI-1) 
Ll3 4A2(4F) 4Tl(4p) v3 • 12 Dq + 1L,570 em. 
-1 
: ~ 
1. C. E. Moore, 11Atomic Energy Levelsn, Natl. Bureau stamards (U. S.) 
Circ. 467, Vol. II, Washington, D. C., 1952. 
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A second major difference is in the magnitude of Dq. Calculation of 
the potential in a tetrahedral field1 indicates that for any particular 
ligand, the Dq of a tetrahedral array equals -~/9 Dq of an octahedral array. 
The calculation has found qualitative substantiation in the many investiga-
tions of spectra of both octahedral am tetrahedral complexes of the 
transition metal ions. The changes in relative magnitudes of the inter-
electron repulsion, crystal field, and spin-orbit coupling forces, however, 
lead to two further predictions concerning spectra: ( 1) Spin-orbit 
coupling interactions Should become relatively more significant, particularly 
for the last few metals of the first transition series, for Which the ~ 
values are larger, and (2) Because the crystal field interaction is so 
much Smaller than the interelectron repulsion interaction, the term 
separations should be very close to those observed for the field-free ion. 
The first prediction finds verification in the fact that the effects 
of spin-orbit coupling can be clearly discerned in the band-splitting of 
2 the spectra of tetrahedral Co(II) complexes • The second prediction is 
confuted by all of the spectral evidence on tetrahedral Co(II) species 
gathered to date. (The discussion in some of the sections to follow will 
describe some of that evidence.) In fact, the breakdown of the free-ion 
energy levels is frequently found to be larger in tetrahedral complexes 
than in octahedral complexes. This has been attributed to the fact that in 
tetrahedral fields, d- and p-orbitals transform as t 2 + e and t 2 respectively, 
whereas in octahedral fields, they transform as t 2g + eg and t 1u respectively. 
The resultant perturbation of t 2-orbitals by p-orbital mixing in tetrahedral 
fields alters the free-ion energy levels. Calculations by Weger and Low3 
for the d6 case have shown that mixing of (3d)5(~p) 1 and (3d)5(~r) 1 with 
1. c. J. Ballhausen, K. danske. vidensk. Selsk., Mat. fys. Medd., 29, 
No. ~ (195~). _... 
2. C. J. Ballhausen and C. K. J ~rgensen, Acta Chem. Scand. , 9, 397 ( 1955) • 
). M. Weger and w. Low, Phys. Rev., 118, 1119 (1960); 120, ~77 (1960). 
- -
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the (3d) 6 configuration in a tetrahedral field should cause only a small 
change in the separation of the e and t 2 levels, but that the concomitant 
breakdown of the parit7 classification can be highly effective in increasing 
the absorption intensit7 of the otherwise Laporte-forbidden d ~d transitions. 
(It should be noted that the same mechani811l can operate in 8ll7 other non-
centrosymmetric crystal field1.) The most important mechanism for breaking 
1 down the parit7 classification in centrosymm.etric fields (e.g., octahedral) 
is the superimposition of a vibration of odd symmetry upon the even-s.ymmetr,y 
d-electronic wave functions, either in the ground or in the excited state 
~6( ) of the transition a -vibronic" interaction • The vibronic destruction 
of the center of symmetr7 is much less effective in altering the parit7 of 
a d-wave function than the absence of a center of symmetr7, however, and it 
is generally true that absorption intensities for a transition metal ion 
in tetrahedral fields are 10 - 100 times as great as absorption intensities 
7-11 for the same ion in octahedral fields • 
For both octahedral and tetrahedral transition metal complexes, it is 
found that the transitions between levels corresponding to different free-ion 
terms occur at frequencies lower than those predicted on the basis of a 
pure crystal field {weak-field) model. Most of the discrepancies can be 
1. J. H. Van Vleck, J. Ph7s. Chem., 41, 67 (1937). 
2. A.. D. Liehr and C. J. Ballhausen,~7s. Rev., 106, 1161 (1957). 
3. C. J. Ballhausen an:l A. D. Liehr, Mol. Phys., 2,123 ( 1959) • 
4. S. Koide, Phil. Mag. [8), 4, 243 (1959). -
5. R. Englman, Mol. Ph79., 3,-48 (1960). 
6. c. J. Ballllausen, in "Progress in Inorganic Chemistry", Vol. 2, F. A. 
Cotton, Editor, Interscience Publishers, Inc., New York, 1960, 
pp. 251-265. 
7. N. S. Gill and R. S. NYholm, J. Chem. Soc., 1959, 3997. 
8. c. J. Ballhausen and C. K. J~rgensen, Acta Chem. Scand., 9, 397 (1955). 
9. s. Buffagni and T. M. Dunn, Nature, 188, 937 (1960). -
10. D. M. L. Goodgame and F. A. Cotton, d.Chem. Soc., 1961, 3735. 
11. F. A.. Cotton, D. M. L. Goodgame and M. Goodgame, J .A.iil. Chem. Soc., 
~, 4690 {1961) • 
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explained by assuming that the spectroscopic terms are closer together in 
complexes than in the free ions. That assumption implies a decrease in the 
interelectronic repulsion between the d electrons1- 3 (the main factor in 
determining the free-ion level structure). For example, the energy 
separation between the centers of gravity of the ~ and ~P terms of gaseous 
free Co(II) ion has been determined~ in terms of Racah parameters as 1513, 
where B has the value5 of 971 cm.-1• If the separation between those terms 
in a Co(II) complex is lower than ~,510 cm.-1, a corresponding reduction 
in the value of B is implied. Reductions of from 10-30% in the ~ - n., 
separation have been reported2 for octahedral complexes of Cr(III), Ni(II), 
V{III), and Co(II). 
2 6-11 Numerous workers ' have attributed this effect to d-electron 
delocalization through direct metal-ligand interaction. This interaction 
has generally been described as partial covalent boming. J¢'rgensen 
showed 7 •9 that the presence of more negative charge between the metal ion 
nucleus am the d-electrons leads to increased screening of the d-electrons, 
causing an expansion of the free-ion radial wave functions and reduction of 
interelectronic repulsions. It has become customary to assume that this 
inner screening comes mainly from transfer of electrons by polarized ligand 
atoms into the electron core of the central metal atom ("central-field 
11 
covalency" , since it arises from the spherically symmetrical term in 
1. Y. Tanabe and s. Sugano, J. Phys. Soc. Japan, 9, 153 and 766 (195~). 
2. J. Owen, Proc. Roy •.. Soc. (Loadon) 1 A.227 1 183 (!955). 
3. L. E. Orgel, J. Chem. Pbys., 23, ~1819, 182~ (1955). 
~. G. Racah, Phys. Rev., 62, ~38'\19~2). 
5. T. M. Dunn in "Modern ~ordination Chemistry", J. Lewis and R. G. 
Wilkins, Editors, Interscience Publishers, Inc., New York, 1960, 
pp. 229-300. 
6. J. H. E. Griffiths and J. Owen, Proc. Roy. Soc. (London), A226, 96 (195~). 
7. c. K. J~rgensen, Reports of the lOth Solvay Conference in rni'emistry, 
Brussels, 1956, pp. 355-385. 
8. C. E. Schlffer and C. K. J~rgensen, J. Inorg. Nucl. Chem., 8, ~3 (1958). 
9. C. K. J~rgensen, Acta Chem. Scand., 11, 53 (1957); 12, 903 Tl958). 
10. T. M. Dunn, J. Chem. Soc., 1959, 6237'" -
11. c. K. J,trgensen, Disc. Faraaa:y'Soc., No. 26, 110 (1958). 
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the expression tor the potential ot the ligand field), but that important 
contributions may arise troa transfer of electrons into linear combinations 
of s-, p-, and 3d-orbitals ("symmetry-restricted covalencyn1, which results 
in formation ot new anti-boming orbitals and in further changes in the 
energies ot the d-electrons). The latter approach has also been pursued 
2 by Koide am Pryce • While it has been pointed out that the spectral term 
differences are also altered through differential outer screening of the 
different d-electron configurations by the spherically symmetrical term in 
the crystal field potential3'Q (i.e., the effective nuclear charge is 
slightly different for ditterent spectral terms in a given ligam field), 
and further altered through configuration intermixing\ J~rgensen argues1 
that these effects may have counterparts in the free ion, so that the 
differences between the value of B for a free ion and the values of B 
in complexes should be attributable very largely to the central-field and 
symmetry-restricted covalencies already described. He has shown that for a 
number of octahedral complexes it is possible to equate the reduction in 
B to a product of two empirically estimated quantities, one characteristic 
of the central metal ion and the other characteristic of the ligand: 
(1-B '/B) • h(ligam) x k( central ion). (B 1 is used to designate the 
reduced value of the Racah parameter in complexes, and B is usually reserved 
. to indicate the free-ion value.) The deduced sequence of h values (which 
increases from a value of 1.00 for H2o) generally follows the order of 
i~reasing ligand polarizability: F- < H2o < NH 3 < C 2oL: "" NH2CH2CH2NH2 < 
t«::S- < Cl- ,., cr < Br-. This sequence, first proposed by J!kgensen and 
Schlrfer.5, has been called by them the "nephelauxetic" (cloud-expanding) series. 
1. C. K. J~rgensen, Disc. Faraday Soc., No. 26, 110 (19.58). 
2. S. Koide and M. H. L. Pryce, Phil. Mag. [8], 3, 6o7 (19.58). 
3. D. P. Craig and E. A. Magnusson, Disc. Faraday Soc., No. 26, 118 (1958). 
L. H. L. Schllrer, z. physik. Chem., 6, 201 (19.5.5) • 
.5. c. E. Schlffer and C. K. J,lrgensen-; J. Inorg. Nucl. Chern.,~, lL3 (19.58). 
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It appears to justify the assumption that the reduction of the Racah parameter 
B can usually be used as at least a qualitative index of the extent of 
covalent interaction. The values of k for transition metal ions are of the 
order of 0.1 for divalent ions, and 0.2 - 0.3 for trivalent ions, in 
accordance with the usual observation that trivalent ion complexes involve 
stronger covalent boming than divalent ion complexes of transition metals. 
Numerous other imepement types of experimental evidence can be 
interpreted readi~ only in terms of d-electron delocalization: (a) Spin-
orbit coupling parameters for complexes of transition metal ions in the +2 
oxidation state are, on the average, 20% lower than the values for the free 
ions. {For complexed metal ions in the +3 oxidation state, the lowering 
of the spin-orbit coupling parameter is often even greater.) Owen1 was 
the first to suggest that this fact constitutes evidence for partial 
covalency. (b) The occurrence of anti-parallel spin-spin interactions 
between paramagnetic metal ions separated by anions requires the assumption 
of some kind of metal-anion interaction. The superexchange mechanism 
2 proposed by Kramers , which has found wide application, involves a small 
contribution from an electron-transfer process to the overall wave function. 
(c) Ballhauaen and Liehr3 have calculated the intensities of spectral 
transitions for tetrahedral [0~14]= and [CoCl4]=. They foum that the 
intensity enttancement caused by 3d-4p mixing is significant, but that the 
overall intensities calculated on that basis are smaller than the 
experimentally observed intensities by a factor of about ten. Intensities 
of the correct order of magnitude were obtained by assuming partial 
covalency, so that the transitions take on some of the character of 
charge-transfer transitions. (d) The hyperfine splitting structure in the 
1. J. Owen, Proc. Roy. Soc. (London), !227, 183 (1955). 
2. H. A. Kramers, Physica, 1, 182 (193m-see also P. W. Amerson, Phys. 
Rev., 19, 350 (1950)7 
3. C. J. Baltniusen and A. D. Liehr, J. Molec. Spectrosc., 2, 342 (1958); Ji, 190 (1960) • -
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electron paramagnetic resonance spectrum of [IrC16]= has been explained 
by assuming about 5% transfer of the d-electron to ~>n--orbitals on each 
of the six Cl atoms1' 2• This probably constituted the first direct 
evidence for d-electron delocalization. Studies of the hyperfine splitting 
in other complexes3 have yielded fairly detailed pictures of orbital mixing 
and partial d-electron transfer. 
(2) Analysis of the Absorption Spectrum 
The absorption spectra of the dissolved barium salt and of the 
dissolved potassium acid-salt of [Co+2o~w12o36r6 have been shown in 
Figs. IV-2 and IV-3 for the wave number range 6ooo - ~2,000 em. -l. 
During this investigation, the spectrum of the potassium acid-salt between 
15,000 and ~~,000 cm.-1 was also reported by other workers~, but the 
range did not include a sufficient part of the cobalt crystal field 
spectrum to allow estimation of the crystal field parameter. In the range 
where their measurements were made, the results reported herein are in 
good agreement with theirs. 
The great similarity between the spectrum of [SiO~w12o36r~ {part of 
which is shown in Fig. IV-18) and the spectra of the 12-tungstocobaltoate 
salts in the ultra-violet region shows that the very intense broad high-
energy absorption can be attributed to the tungstate skeleton. Any weak 
absorption bands arising from crystal-field transitions of tetrahedral 
cobalt would be masked under that intense band. Therefore only the wave 
number range below ""27 ,000 em. -l is available for study of the crystal 
field spectrum of [CoO~w12o36J-6• 
The crystal field spectrum, shown in Fig. IV-L, includes two relative:cy 
intense, very broad, multi-component bands with centers of gravity at 
1. K. W. H. Stevens, Proc. Roy. Soc. (London), A219, 5L2 (1953). 
2. J. H. E. Griffiths and J. Owen, Proc. Roy. Soc. (London), A226, 96 
(195L). ----
3. M. Tinkham, Proc. Roy. Soc. (London), A236, 535 and 5L9 (1956). 
L. Y. Shilllura and R. Tsuchida, Bull. Chem7"SSc. Japan, ~, 502 (1957). 
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approximate~ 8220 and 16,380 cm.-1, and a narrower band of lower intensity 
at ..... 20,~00 cm.·1• The leading edge of the high energy band covers what 
could be one or more small bands between 22,000 and 26,000 em. -l (see 
Figs. IV-2 and IV-3). Firm evidence was obtained for an absorption band 
or component of a band at -~~50 cm.-1, even though the region between 
~000 and 5500 cm.-1 was investigated only qualitatively because of 
experimental limitations. The infra-red spectra of KBr pellets containing 
either barium salt or potassium acid-salt (not illustrated) showed that 
there was no absorption below ~000 cm.-1 which could be attributed to the 
Co(II) crystal field spectrum. 
The spectra of tetrahedral Co(II) complexes (and of compoums 
containing Co(II) substituted into tetrahedral sites) have been extensive~ 
studied and analyzed1-17• All of the spectra are similar with respect to 
the major features: a relative~ intense ( E. • ~0-~00) broad multi-
component band with center of gravity at 5500-8500 cm.-1, and a second 
more intense { E • 150-2200) multi-component band with center of gravity 
at 14,000-17,000 cm.-1• To this author's knowledge, only two other groups 
1. H. Weakliem, J. Cham. Phys., in press. 
2. L. E. Orgel, J. Chem. Phys., 23, 100~ (1955). 
3. C. J. Ballhausen and C. K. J~ensen, Acta Cham. Scand. , 9, 391 ( 1955) • 
~. C. K. J~rgensen, Acta Chem. Scand., 8, 1495 and 1502 ( 19s'Ii) ; 9, 116 and 
1362 (1955). - -
5. D. s. McClure, J. Phys. Cham. Solids, 3, 311 (1957). 
6. F. A. Cotton, D. M. L. Goodgame, M. GoOdgame and A. Sacco, J. Am. Cham. 
Soc., 83, ~157 (1961). 
1. F. A. Cotton, D. M. L. Goodgame and M. Goodgame, J. Am. Cham. Soc., 83, 
~690 (1961). -
8. D. R. Stephens and H. G. Drickamer, J. Cham. Phys., 35, ~29 (1961). 
9. R. Pappalardo and R. E. Dietz, Phys. Rev., 123, 118g-r1961). 
10. c. J. Ballhausen and A. D. Liehr, J. Mo1ec.Tpectrosc., 2, 3~2 (195~); 
~, 190 (1960). -
11. R. H7 Holm and F. A. Cotton, J. Cham. Phys., 31, 788 (1959); 32, 1168 
(1960). - -
12. c. H. Brubaker and C. E. Johnson, J. Am. Cham. Soc., 801 5031 (1958). 13. s. Yamada and R. Tsuchida, Bull. Cham. Soc. Japan, 2f,q36 (195~). 
lh. R. Pappalardo, D. L. Wood and R. c. Linares, Jr., J7"t:hem. Phys., 35, 
20~1 (1961). -
15. o. G. Holmes and D. s. McClure, J. Cham. Phys., 26, 1686 (1957). 
16. L. Katzin, J. Am. Cham. Soc., 16, 3089 ( 195~). -
17. T. Dreisch and W. Trommer, z. pnysik. Chem., _m, 31 (1937). 
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of investigators ' have observed and identified a lower energy crystal 
field band belonging to the tetrahedral Co(II) spectrum, although the band 
has been found3 in the spectrum of Co(II) in a cubic crystal field. (The 
order of energy levels in cubic and tetrahedral fields is the same.) 
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The general band assignment suggested by Orgel!, and by Ballhausen and 
J,rgensen? on the basis of limited exPerimental evidence has been confirmed 
by all of the experimental and analytical work carried out since. The 
lower frequency of the two intense bands is assigned as ~' corresponding 
1., 1., 1., 
to the transition from the A2 ground state to the T1( F) level; the 
higher frequency band is then attributed largely to u3, corresporxling to 
the l.,A2{1.,F) --+ l.,T1 (LP) transition. The broadness of v2 is presumed to 
derive mainly from the effects of spin-orbit coupling. The usual failure 
to observe a band corresponding to 1..'1 has been explained on the ground that, 
in the tetrahedral point group, the electric dipole transition A2 --+ T2 is 
2 1., 6 formally forbidden ' ' • 
(a) Simple Crystal Field Theory, Weak Field Limit: Application of 
Eqns. VI-1 shows immediately that the two transitions cannot be satisfactorily 
interpreted in terms of simple crystal field theory for weak fields. If 
-1 Dq • 1.,57 em. , as given by v2 , then the v3 transition is predicted to lie 
at ca. 20,000 em. -l. Since the center of gravity of the band assigned as 
v3 lies more than 3500 cm.-
1 below the predicted position, a considerable 
reduction of the ~ - 4p separation is implied. 
At the same time, it is clear that the two bands cannot be assigned 
as v1 and u2, although the fit with Eqns. VI-1 is superficially better. 
1. R. Pappalardo, D. L. Wood and R. C. Linares, Jr., J. Chem. Phys., ]2, 
201.,1 (1961). 
2. H. Weakliem, J. Chem. Pbys., in press. 
3. R. Stahl-Brada and w. Low, Phys. Rev., 113, 775 (1959). 
1.,. L. E. Orgel, J. Chem. Phys., 23, 1001., (~5). 
5. C. J. Ballhausen and C. K. Jprgenaen, Acta Chem. Scand. , 9, 397 ( 1955) • 
6. c. J. Ballhausen and A. D. Liehr, J. Molec. Spectrosc., !; 31.,2 (1958). 
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Such an assignment would {1) lead to an implausibly high value of "'820 em. -l 
for the Dq of Co(II) in a tetrahedral field; ( 2) leave unexplained the 
presence of the low-intensity absorption at ~L500 cm.-1; and (3) predict the 
existence of an intense absorption band at 23,000-25,000 cm.-1• 
(b) Effects of the LT1(L,) - LT1(LP) Interaction: By turni~ to the 
more sophisticated theory of Tanabe and Suganol, the transitions can be 
correlated in terms of two parameters, Dq and B'. The energy matrices 
derived by Tanabe and Sugano, which allow for configuration interaction of 
the two T1 levels, lead to the following predicted transition energies: 
v1 • 10 Dq 
u2 • 15 Dq + 1.5 B' - 1/2 (225 B12 - 180 DqB' + 100 Dq2) 1/ 2 
v 3 • 15 Dq + 7.5 B' + 1/2 (225 B•
2 
- 180 DqB' + 100 Dq2) l/2 
Solution of Eqns. VI-2 for B' and Dq with the observed values of u2 
(VI-2) 
and v3 gives: Dq • L8L em. -l and B
1 
• 672 em. - 1• This solution would be 
more satisfying had an absorption band with center at L8LO em. -l been foum. 
As mentioned earlier, the intense absorption of water in that region makes 
it impossible to discover, by studying aqueous solutions, whether the 
anion does absorb in that frequency range. However, in view of the pre-
diction that all three quartet transitions should be multi-component as 
a result of spin-orbit coupling effects (vide infra), it is not at all 
unlikely that the observed absorption maximum at ca. L500 cm.-1 is only 
one component of a broader band with center of gravity at a different 
frequency. Thus the difference between Dq calculated from the single 
component of u1 and Dq calculated from v2 and u3 could be even smaller 
than it appears to be. 
(c) Effects of Spin-Orbit Coupling: Throughout the discussion 
above, it has been assumed correct to select the centers of gravity of 
1. Y. Tanabe and s. Sugano, J. Phys. Soc. Japan, 2., 753 and 766 (1955). 
the total intensities of the observed bands as the transition energies v
2 
and v3• In many cases it is justifiable to assume that the center of 
gravity of the intensity of a complete absorption band gives the position 
1 
of the orbital level • For Co(II) ions in tetrahedral fields, however, 
there are several complicating factors, namely spin-orbit coupling, the 
presence of nearb,y doublet states, and the possibility of Jahn-Teller 
effects in the excited states. The first of these factors is examined 
immediately below, and the second is discussed in the section immediately 
following. 
As indicated above, the effect of spin-orbit coupling interactions 
is to decompose further the degenerate orbital levels produced by the 
crystal field. Several theoretical analyses of these effects have been 
made2-h, with results which differ only slightly in the second order for 
the two hF orbital triplets. The total first-order splittings of the 
three triplet levels are predicted to be approximately: T2(hF), 2 ~; 
T1 (LF), 6 A; T1 (hp), h r.. 
The correlation between predicted and observed splittings can most 
readily be examined in the v2 band. It is predicted that the hT1(hF) 
orbital level is decomposed into four spin-orbit components, with the 
following representations and energies {relative to the undecomposed 
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orbital level): E1; 2 (-15/h li\1}; G (-3/2 1~1); E5;2 + G (9/L li\1, unsplit). 
The overall splitting is thus predicted to be 6 '}1.. 
The v2 band observed for [CoOhw12o36]-
6 
was roughly resolved into 
four principal components with maxima at: 7200, 7720, 8110, and 8820 cm.-1• 
A fifth very weak component was observed at "'"'9610 em. -1. It may readily 
be seen that no combination of the observed intervals can be correlated 
1. M. H. L. Pryce, quoted by J. Owen, Proc. Roy. Soc. (London), A227, 
183 (1955). -
2. H. Weakliemt J. Chem. Phys. 1 in_press. 3. R. Pappalarao and R. E. Dieuz, Phys. Rev., 123, 1188 (1961). 
L. lt. Stahl-Brada and W. Low, Phys. Rev., ,E;},:"7'75 (1959). 
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with the calculated intervals between spin-orbit components. Furthermore, 
even if it is assumed for the sake of argument that the first four components 
correspond to the four spin-orbit components, the overall splitting 
(1620 em. - 1) requires an effective A of -270 em. -1, a value which is 
considerably larger than the free-ion value. The correlation seems 
unlikely in view of the magnetic evidence for a reduced value of ?. for 
Co(II) in the heteropoly anion (vide infra) and for reduced values of A 
in numerous other transition metal complexes, and in view of the spectral 
evidence for the reduction of B for Co(II) in the complex. 
It therefore appears that neither the width nor the structure of 
the v2 band can be accounted for in terms of spin-orbit coupling effects 
alone. Other factors which could operate independently or cooperatively 
to broaden the v2 band include the presence of lower symmetry fields, 
and dynamic Jahn-Teller effects in the excited states*. Either of these 
would be expected to cause considerable alteration in the separations 
and designations of the energy components. Thus without considerably more 
detailed experimental information and further elaborate calculations 
regarding the numerous possible origins of band-splitting, the true center 
of gravity of the LT1(LF) level cannot be accurately deduced. The only 
alternative at present seems to be to assume that the true center of 
gravity may be approximated as the center of gravity of the total intensity. 
For each case reported in this work, the positions have been estimated 
by graphical integration, with an error which probably does not exceed 
+ -1 
- 100 em. • 
(d) Effebts of Nearby Doublet States: In the free Co(II) ion, all 
*McClure (quoted by Cotton et al, J. Am.. Chem. Soc., 83, 4690 (1961)) 
has recently claimed that the structure and breadth 01' the v2 band 
can be accounted for in terms of Jahn-Teller effects in the excited 
states. 
of the doublet states are higher in energy than the ~p state. In the 
presence of a crystal field, however, all of the free ion terms tend to 
crowd together (vide supra), am it has been shown1-3 that a number of 
doublet states (arising largely from % and ~) are located very near Lp, 
and that three of those states can lie below Lp in energy. Since several 
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of these states can mix with 4p and thereb,y acquire considerable quartet 
character1' 2, the intensities of absorption bands corresponding to 
transitions to those states are enhanced. The band which has been designated 
above as v3 is in reality, then, a combination of numerous bands arising 
from transitions to both quartet P and mixed doublet G and H states. Since 
evaluation of B' depen:is heavily on the energy of the Lp transition, it 
would be desirable to identif.y the many components of the complex band. 
Such a detailed analysis, however, would require a much more highly 
resolved spectrum than that shown in Fig. IV-L. In the absence of low-
temperature spectral studies, the position of the Lp ban:i can be estimated 
most appropriately b,y comparison with other analyzed spectra, although 
that procedure can lead only to an approximate value for v3, since the 
maxima of a highly resolved complex band seldom coincide with the max:lma 
of the room temperature spectrum, in which the structure is partially 
obscured. 
Pappalardo and Dietz estimated the center of the 4p band for Co(II) 
in a CdS host lattice by assumi:r:g that ( 1) the first and most intense 
component of the band corresponds to the lowest spin-orbit component of 
the Lp level, and (2) the center of the band lies higher in energy by 
....- 300 em. -l (i.e., roughly 1/2 of the predicted multiplet width). Applica-
tion or this procedure to the room temperature spectrum of [CoOLw12o36]-6 
1. R. stahl-Bra.da aJXi W. Low, Phys. Rev., 113, 11'5 (1959). 
2. H. Weakliem, J. Chem. Phys., in press. -
3. R. Pappalardo and R. E. Dietz, Phys. Rev., 123, 1188 (1961). 
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places the v3 transition at 16,300 cm.-
1
• 
If, on the other hand, the band is decomposed according to the a.nalyzed 
spectra and the energy level diagram given by Weakliem for ad 7 ion in 
a tetrahedral field, the best fit corresponds to an assignment in 'Which 
all of the spin-orbit components of the hp band are contained between the 
maximum and the first (higher energy) shoulder of the band (i.e., at 16,000 
am ..... 16,900 em. - 1). The center of the band might then be placed at 
""'16,h50 em. - 1• 
Thus either of the two procedures described above places the center 
of gravity of the hp band within 100 cm.-1 of the estimated center of 
gravity of the total intensity of the band {16,380 cm.-1), thereby 
increasing the confidence in the original estimate of its location. 
Variations such as those indicated above in the position of v3 change 
the value of B• by less than 1%, and leave Dq virtually unchanged. 
Before leaving the subject of the evaluation of the crystal field and 
interelectronic interaction parameters, it is interesting to consider the 
results of an attempt to deduce the parameters graphically by fitting the 
observed spectrum to the energy level diagram obtained by Weakliem. The 
diagram, a plot of E/B (E is the separation between the ground state and 
the various other energy levels ) vs. Dq/B, was obtained for a A/B value 
of ..0.30. A reasonable fit for the entire crystal field spectrum was 
obtained for Dq/B • o.~h, with B' • 715 em. -l, and Dq was thus estimated 
to be ~60 em. -1 {a value more satisfactorily correlated with the observed 
low-energy band component). The Dq and B' values deduced in this way 
differ by roughly ~ and 6% respectively from those estimated in the manner 
described earlier. Such differences are not unusual in these calculations, 
particularly 'When based on different approximations. They probably give a 
reasonably valid indication of the direction of the error associated with 
either set of values. Since most of the calculations made on spectra of 
tetrahedral Co(II) species have been made by assuming that spin-orbit 
coupling broadens the transitions but does not alter the positions of the 
centers of the bands, the values which are probably most meaningful for 
3LO 
comparing the ligand field of the heteropoly 12-tungstocobaltoate with the 
fields arising from other ligands are those quoted earlier: Dq • L8L em. -1 
am B' • 672 em. - 1• It must be understood that the uncertainties of 
spectral assignments, and the number and ld.ms of simplifying assumptions 
made in the analysis, can introduce a considerable error into the 
estimations. A conservative statement would specify that the value of Dq 
is between L55 and L85 cm.-1, and that of B' is between 670 and 715 cm.-1• 
(e) Bam Intensities: The usual measure of the intensity of an 
absorption band is the oscillator strength, f, defined1 as: f • L.32 x lo-9 
jE d u. The oscillator strengths of the v2 and v3 bands in the spectrum 
of [CoOLW12o36J-
6 have been estimated by graphical integration of the area 
umer the absorption curves. In the case of v3, even though the band is 
composite and contains components arising from transitions to doublet 
states, the entire area umer the band was estimated because the doublet 
bands presumably acquire most of their intensity from the adjacent quartet 
bam. The oscillator strengths were estimated as: 
and fv • 2.5 x 10-3• 
3 
Before discussing these data further, it may be helpful to include 
a very brief review of some of the significant points in the theoretical 
interpretation of absorption intensities. It has been shown that 
absorption probabilities for transition metal complexes can be attributed 
1. C. J. Ballhausen in "Progress in Inorganic Chemistry", Vol. 2, 
F • .A. Cotton, Editor, Interscience Publishers, Inc., New York 
and London, 1960, pp. 251-2$5. 
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1 to electric dipole radiation , for which the Laporte rule forbids transitions 
between states of the same parity2• Such transitions become allowed 
through admixtures of odd parity wave functions with the even parity d-wave 
functions, which may occur when a complex has no center of symmetry3. 
In the case of tetrahedral Co(ll) complexes, as already mentioned, 
Ballhausen and Liehr!, showed that the intensities could not be accounted 
for by a pure~ ionic model, in which the metal a-orbitals are unchanged 
and the metal t 2-orbitals are mixed with metal !,p-wave functions. By 
application of a ligand field model, in which the transitions are assumed 
to occur from non-bonding a-orbitals to t 2-orbitals which are mixed with 
ligand wave functions, they obtained satisfactory agreement between 
observed and predicted intensities for [CoCl!,]•. Thus it appears that 
an indepen:ient approach to the problem of estimating the degree of 
metal-ligand mixing, or covalency, ~ be available, thro~h study of the 
relative spectral intensities for different complexes (havi~ the same 
geometry) of a particular transition metal ion, as first suggested by 
J~rgensen5 and Williams6• In:ieed, for perhaps half a dozen ligands, 
J~rgensen has shown5 that when the ligands are arranged in the order 
corresponding to increasing absorption intensity of their octahedral 
complexes with transition metal ions, the list follows the same order as 
the nephelauxetic series. 
The order of magnitude of the oscillator strengths calculated for 
the heteropoly 12-tungstocobaltoate anion compares very well with that 
found for other compoun:is containing CoOL groups. The following list 
includes most of the oscillator strength data which have been reported 
1. W. Moffitt and C. J. Ballhausen1 Ann. Rev. Phys. Chem., 7, 126-9 (1956) and references there1n. -
2. K. s. Pitzer, "Quantum Chemistry•, Prentice-Hall, Inc., New York, 1953, 
Chapter 6. 
) •• J. H. Van Vleck, J. Phys. Chem., !,1, 67 (1937). 
4 C. J. Ballhausen and A. D. Liehr, -:r. Molec. Spectrosc., ~' 342 ( 1958); 
!, ' 1.90 (1960) • 
5. c. K: Jprgensen, Acta Chem. Scand., 9, !,05 (1955). 
6. R. J. P. Williams, J. Chem. Soc., 19~6, 8. 
-
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for such species. 
Ligand fu X 103 2 fv X 10
3 Reference 
3 
o• ([CoOLw12o36r~ 0.75 2.5 This work 
• 0 (ZnO) 0.78 5.2 1 
(C6H5) 3PO 0.65 5.1 2 
OH- (Co{II) in 50 wt.% 0.58 3.0 2 
NaOH or NaOD) 
The last set of values is subject to some uncertainty, since the investi-
gators could not ascertain that all of the Co(II) ions in solution were in 
tetrahedral environments, or that all of the tetrahedral species had the 
• a> formula [Co(<E)L] rather than other formulas such as [Co(OH) jl2or . 
For purposes of comparison, the oscillator strengths are given below 
for tetrahedral Co(II) complexes with several ligands generally recognized 
as producing stronger bonding interactions. 
Ligand fv X 103 f)} X 103 2 3 Reference 
I- 1.11 8.12 
N-3 1.~9 8.58 l 
NOS- 3.~L 1L.6 l 
-S (ZnS) 2.9 13 1 
If it assumed that mixing of the metal t 2-orbitals with ~-bonding ligand 
orbitals is the main source of intensity in these transitions, then the 
comparatively low oscillator strengths for ligands bonding tbJ-ough oxygen 
imply relatively small metal-ligand bonding interactions. Yet the B' 
values calculated from the same spectra, particularly for the heteropoly 
anion and the Co:ZnO crystal, argue for a relatively large d-electron 
delocalization. This point will be returned to further along in the 
discussion. 
1. H. Veakliem, J. Chem. Phys. , in press. 
2. F. Ar Cot'\;9~1 D. M. L. Goodgame am M. Goodgame, J • .la. Chem. Soc., 83, q690 (lyol) • -
3. C. K. Bal.lb•ueen and 1.. D. Liehr_, J. Molec. 8.DectrOBC .... 2 .. 1b2 I19~L 
3~3 
A new point of interest arises in connection with the relative 
oscillator strengths for the v2 am v3 
bards. In the weak field limit, 
1 the configurations of the upper states for both the v2 transition 
(~T1(~)) and the v3 transition (~T1(~P)) are presumably mixtures of 
e3t2~ and e2t 25. In the strong field limit, however, the LT1(~F) level 
correla.tes with the e3t2L configuration, and the ~T1 (Lp) level with the 
2 5 1 e t 2 configuration • Thus it might be expected that, with increasing 
field strength, the v3 transition should become relatively more forbidden 
(since it corresponds increasingly to a two electron jump) am f v 
3 
should decrease relative to fv
2
• Although this view neglects all of 
the complications arising from bonding interactions, it fits the 
experimental data for the several CoOL complexes. 
Complex Dq fv /fv 3 2 
[CoOLW12036]-6 L8L 3.3 
[Co(CE)L]• (vide supra) L23 5.1 
CoOL (in Zn>} 390 6.7 
[Co {(c6a5) 3PO} L]++ 368 7.8 
( 3) Discussion 
The Dq calculated for Co(II) in [CoOLw12o36r
6 is considerably 
larger than the value reported for any other tetrahedral CoO~ species, 
and is, in fact, larger than the Dq's observed with all other ligands, 
X, which form discrete tetrahedral CoX~ complexes. The only larger 
Dq value is L88 cm.-1 , reported2 for HgCo(NCS)~, in which the [Co(NCS)L]• 
complexes are not discrete but are held in a three-dimensional network 
through tetrahedral coordination of S to Hg3• 
1. c. K. Ballhausen and A. D. Liehr, J. Molec. Spectrosc., 2, 3L2 (1958). 
2. F. A. Cotton, D. M. L. Goodgame, M. Goodgame and A. Sacco, J. Am. 
Chem. Soc., 83, Ll57 (1961). 
3. J. W. Jeffrey, Nature, 159, 610 (19L7). 
-
1 If the typically strong-field ligands in the spectrochemical series 
are disregarded {since the increased crystal field tends to favor 
octahedral complexes with those ligands), water lies far up toward the 
stronger-field end of the remaining weak field ligands. The position of 
oxide ions in this series is somewhat uncertain, but it appears to lie 
2-b fairly close to that of water • Since the heteropoly anion contains 
Co(II) in a tetrahedral site in what amounts to a fragment of an oxide 
lattice, the Dq for Co in the heteropoly anion might at first glance 
be expected to be of the same order of magnitude as in other oxide 
lattices; e.g., Dq • 390 cm.-1 for Co(II) replacing some Zn in znQ5,6, 
or Dq • hOO em. -l for Co(II) replacing some Mg in MgA12oL 7• Compared 
to those values particularly, the Dq calculated for the heteropoly 
cobaltoate seems remarkably high. Also pertinent is the report by 
Shimura and Tsuchida8, based on analyses of a large number of octahedral 
Co(III) complexes, that another heteropoly anion structure (the 6-molybdo 
group) lies considerably to the weak field side of H2o in the spectro-
chemical series. (Thatthis is a general position for that heteropoly 
anion structure would appear to be open to debate, however, since the Dq's 
reported for octahedral Ni(II) in the 6-molybdonickelate9 and 
1. T. M. Dunn in "Modern Coordination Chemistry", J. Lewis and R. G. 
Wilkins, Editors, Interscience Publishers, Inc., New York and 
London, 1960, p. 266. 
2. D. s. McClure, J. Phys. Chem. Solids, 3, 311 (1957). 
3. R. J. P. Williams, Disc. Faraday Soc.,~o. 26, 123 (1958). 
h. J.D. Dunitz and L. E. Orgel, J. Phys. Chem. Solids, 3, 318 (1957). 
5. H. Weakliem, J. Chem. Phys., in press. -
6. R. Pappalardo and R. E. Dietz, Phys. Rev., 123, 1188 (1961). 
7. D. s. McClure, unpublished work quoted in reference 5. 
8. Y. Shimura and R. Tsuchida, Bull. Chem. Soc. Japan, 29, 311 (1956). 
9. G. A. Tsigdinos, Doctoral Dissertation, Boston University, 1961, p. 238. 
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6-tungstonickelate1 anions are 952 and 980 em. - 1 respectively, while the 
Dq for (Ni(H2o) 6]++ is only 8(£) em. -1{
2) .) 
Of course, the spectrochemical series to which reference is made 
was deduced largely from extensive experimental work on octahedral complexes 
of the transition metals, but there is little reason to expect that the 
order would be very much different for tetrahedral complexes. In fact, 
recent work3 on tetrahedral Co(II) complexes has shown that a number of 
ligands do occur in the same sequence as in the usual octahedral series, 
namely: I-" Br- < sc~ < cl- « (c6H5) 3ro < N3- < Nco- 1'1 CIC << ~s-. 
The data quoted above would place o• (in solid metal oxide lattices) 
very close to N3- in this series. It seems, therefore, that other reasons 
must be sought to explain the unusually high Dq values observed for 
heteropoly complexes of some transition metal ions. 
Nor, for that matter, is the calculated value of B' in line with 
expectations. Oxygen-coordinating ligands generally cluster toward 
the low end and middle of the nephelauxetic series. Yet the B' value 
for [CoOLW12o36]-6 shows a considerable reduction from the free-ion 
value, a reduction exceeded only by CoSL (in ZnSL or CdSL) and by 
[CoiL]• and [Co{N3)L]• in the complexes of the nine ligands which appear 
in the tetrahedral Co(II) spectrochemical series given immediately above. 
Below are listed the B1 values reported for oxygen-coordinating ligands 
in tetrahedral Co(II) complexes, along with the corresponding Dq's. 
1. U. c. Agarwala, Doctoral Dissertation, Boston University, 1960, p. 121. 
2. 0. Holmes and D. s. McClure, J. Chem. Phys., 26, 1686 (1957). 
3. F. A. Cotton, D. M. L. Goodgame and M. Goodgame, J. Am. Chem. Soc., §1, L690 (1961). 
L. H. Weakliem, J. Cham. Phys., in press. 
Ligand (or Medium) 
o• {in [CoOLW12o36J-~ 
aa- (see Part (2-e) 
o· (in MgA12oL) 
o· (in zrO) 
Dq 
L8L 
L23 
Loo 
390 
390 
310 
368 
B' 
672 
7L7 
135 
700 
775 
800 
787 
3L6 
B'/B Reference 
0.69 This work 
0.77 2 
0.76 3 
0.72 L,5 
o.8o 1 
0.82 6 
0.81 2 
Of the three B • values reported for Co in ZJ1>, the first was obtained by 
the same kind of calculation used for the heteropoly anion, and is 
probably the most meaningful for purposes of comparison. The difference 
between it a.nd the other two values is unusually large, but it should 
be remembered that many approximations are involved in the calculation. 
Providing that the main features of the spectral assignment are correct 
(of which there can be little doubt), the B' values Should be in the 
correct relative order for the same kind of calculation and essentially 
the same method of selecting the transition energies, u2 and l)• 
The low B' value for [CoOLw12o36r
6 implies considerable covalent 
bonding between the metal and the four oxygen atoms of the tetrahedron. 
The four combined cr-bo:rxling ligand orbitals have symmetry a1 and t 2, 
and can therefore form (Y molecular orbitals with the metal Ls, Lp, and/or 
3d (t2) orbitals7. The original t 2 orbitals of simple crystal field 
1. H. Weakliem, J. Chem. Phys., in press. 
2. F. A. Cotton, D. M. L. Goodgame and M. Goodgame, J. Am. Chem. Soc., 
83, L69o (1961). 
3. D. s:-McClure, unpublished work, quoted in reference 1. 
L. R. Pappalardo and R. E. Dietz, Phys. Rev., 123, 1188 (1961). 
5. R. Pappalardo, D. L. Wood and R. C. Linares-;-!r., J. Chem. Phys., 35, 
2oL1 (1961). -
6. D. S. McClure in "Solid State Physic.s11 , Vol. 9, F. Seitz and D. 
Turnbull, Editors, .Academic Press, New York and Lomon, 1959, p. L95. 
1. J. H. Van Vleck, J. Chem. Phys., 1' 803 (1935). 
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theory thereb,y become anti-bonding orbitals in the ligand field approach, 
am in the process their separation from the non-bonding (in the absence 
of n-boming possibilities} a-orbitals is increased. Thus an enhancement 
of Dq, relative to the expected value in absence of bonding interactions, 
is predicted. The question of whether cr-bonding can provide a sufficient 
explanation for the observed enhancement in the heteropoly anion must be 
considered further. 
The three metal oxide structures under consideration (Co:ZnO, 
Co:MgA~OL' an:1 the heteropoly cobaltoate) are comparable in that the 
oxygens aroum the Co(II) atom are all tetrahedrally surrounded with 
three other metal atoms (i.e., 3 Zn(II), 3 Al(III), or 3 W(VI) atoms). 
Even if the lattices are regarded as essentially ionic, it would be 
expected that the tetrahedral oxygen atoms are much more strongly polarized 
toward W in the heteropoly lattice than toward Zn or Al in the other 
lattices. The ability of the oxide ion to form a partial covalent born 
with Co(II) should therefore be weakest in the tungstate structure1• 
A.t the same time, a detailed analysis of the bond structure of the 
entire heteropoly anion could alter this prediction considerably. The 
interatomic distances in the Co(III) isomorph of the heteropoly anion 
suggest that the tetrahedral oxygens are less strongly polarized toward 
W atoms than the other oxygens in each wo6 octahedron; i.e., the average 
distance between W and the tetrahedral oxygens, 2.23 .R, is nearly o.L .i 
greater than the average of the next-longest W-0 distances (those involving 
oxygens shared only by two wo6 octahedra), and is considerably greater than 
the sum of the ionic radii2: rw(VI) • 0.62 i; r 0• • l.Lo H. It is even 
1. L. E. Orgel, Disc. Faraday Soc., No. 26, lL3 (1958). 
2. A.. F. Wells, "Structural Inorganic Chemistry", Second Ed. , Oxford 
University Press, London, 1950, p. 70. 
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possible that the central oxygens of the heteropoly structure could be 
~ strongly polarized by Co(II} than the oxygens of the Zn) or MgA12o~ 
lattices. 
This problem points out a consideration which has not received 
sufficient general emphasis, namely that the nature and disposition of 
next-nearest neighbors may alter the polarizability of ligand atoms by 
the central metal atom, and thereby also affect the crystal field 
splitting& in an important way. It is known1 that the polarizability of 
oxide ions in metal oxides varies widely with the cation, even in lattices 
having the same structure. This factor is usually of little consequence 
for a "molecular ion" - i.e., a discrete unit in either solid or 
solution, comprised of a metal ion and its primary coordination shell. 
While heteropoly anions are indeed discrete species, the atoms within 
each anion are bonded together in three-dimensional networks involving 
many oxygen atoms. In that respect, the complexes resemble ionic 
lattices, for which it has recently been pointed out2 that next-nearest 
neighbor interactions may be of considerable importance. It will also 
be recalled that a 7% difference in Dq was reported between [Co(NCS)L]• 
in solution and the insoluble three-dimensional complex, HgCo( NCS) ~, 
and that the paramagnetism of Co(III) in Laeoe3 implies a Dq which is 
smaller than those of other Co(III) oxides. 
Two other factors which have sometimes been advanced to explain 
unusual Dq and/or B' values must also be examined for their possible 
consequences in this case. These are compression of the metal-ligand 
polyhedron, and metal-ligand ~-bonding. It has been suggested3, for 
1. J. R. Tessman, A. Kahn and W. Shockley, Phys. Rev., 92, 890 (1953). 
2. J. Ferguson, K. Knox and D. L. Wood, J. Chem. Phys.,~, 2236 (1961). 
3. L. E. Orgel, Nature, 112' 13L8 (1957). 
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example, that the unusually large Dq value for Cr{III) in an Al2o3 
host lattice arises because the octahedral Al sites are smaller than sites 
usually required by Cr(III). Drickamer and his co-workers1 have also 
shown that the application of high pressures to crystalline samples of 
numerous octahedral and tetrahedral transition metal complexes results in 
spectral changes corresponding to increases in Dq and decreases in B'. 
For Co(II) substituted into metal sulfide host lattices, Weakliem2 
reports Dq = 375 cm.-1 in ZnS (rCo(II) • 0.72 i; rZn(II) • 0.7~ X), 
but Dq • 330 cm.-1 in CdS (rCd(II) • 0.9~ i). Such effects are predicted 
by the equation for the potential of the electrostatic crystal field, 
in which the term defining the d-orbital splitting is dependent on R-5, 
where R is the metal-ligand separation3. 
It is not yet possible definitely to assess the importance of this 
effect in the 12-tungstocobaltoate anion, since the interatomic Co-O 
distance is not known. It is doubtful that compression (or expansion) 
could be a major factor, however. The heteropoly anion lattice can 
tolerate a considerable degree of distortion from the ideal disposition 
of close-packed oxygen atoms. The Co(II)-0 distance is very probably 
longer than the Co(lli)-0 distance of 1.88 .i, and is almost certainly 
not shorter than that. The sum of the ionic radii for Co(II) and o• 
in tetrahedral coordination is "'1.99 .i (the sum of the ionic radii for 
octahedral coordination reduced b.1 a factor of 0.9~ to allow for the smaller 
repulsive forces~). Recalling the great length of the W-O{tet) distance 
in the Co(lli) isomorph, one would predict that an expansion of the 
central tetrahedron by 0.1 i could easily be accommodated in the lattice. 
1. H. G. Drickamer et al, J. Chem. Phys., 35, ~29, 903, ~83 (1961). 
2. H. Weakliem, J. Cham. Phys., in press.-
3. J. H. van Santen and J. S. van Wieringen, Rec. trav. chim., 71, ~20 (1952). 
L. A. F. Wells, •structural Inorganic Chemistry", Second Ed. , OXl'ord 
University Press, London, 1950, p. 71. 
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By comparison, Zn:>, with the wurtzite structure , has 3 Zn-0 distances 
of 1.98 R and 1 Zn-0 distance of 1.95 R. (Since Zn(II) and Co(II) have 
similar octahedral ionic radii, substitution of Co for Zn should introduce 
virtually no additional distortion or change of lattice parameters.) The 
2 Co-O distance in the partially substituted spinel MgA120ij has been given 
0 
as 1.92 A. Thus the li.Jilits of the range of probable values for the Co-O 
distance in the heteropoly anion (1.9 - 2.0 R) are very close to the 
Co-O distances in the other two metal oxides. It is felt therefore that 
the possible differences in metal-ligand distance are insufficient to 
account for the more than 20% difference between the Dq of the heteropoly 
cobaltoate and the Dq's of the other two oxides. 
TT-Bonding has frequently been postulated to explain unpredictably 
large and unpredictably small crystal field splittings in octahedral 
complexes. In the octahedral point group, cr-bonUng involves only the 
eg 3d-orbitals, and ~-bonding only the t 2g 3d-orbitals3'ij. Two cases 
are distingUished: (a) if the ligand 7T'-bonding orbitals are empty and less 
stable than the metal ion t 2g orbitals, the latter are stabilized by 
tr-bonding interaction and Dq is increased, am (b) if the ligand orbi tala 
are full and stable relative to the t 2g orbitals, the latter are 
destabilized by If-bonding am Dq is decreased. In the tetrahedral point 
group however, it bas been shown5 that while only the metal t 2 3d-orbitals 
can participate in a--borning both the t 2 and the e 3d-orbitals can take 
part in 7T-boming. This result leads to enough complications as to leave 
in question5' 6 even the order of energy levels tor such simple ions as 
1. R. W. G. Wyckoff, -crystal Structures•, Vol. I, Interscience Publishers, 
Inc., New York, 19L8. 
2. D. S. McClure, unpublished work quoted by H. Weakliem, J. Chem. Phys., 
in press. 
3. J. H. Van Vleck, J. Chem. Phys., 3, 803 (1935). 
L. L. E. Orgel, Reports of the lOth 'S'olvay Conference in Chemistry, 
Brussels, 1956, p. 289. 
5. M. Wolfsberg and L. Helmholz, J. Chem. Phys., 20, 837 (1952). 
6. C. J. Ballhausen and A. D. Liehr, J. Mo1ec. Spectrosc., !' 3L2 (1958). 
Mn>4- and CrOL •. This comes about because the energy of both sets of 
d-orbitals may be altered, making it impossible to offer an unqualified 
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prediction as to which of the two sets of orbitals would be more greatly 
stabilized. The issue appears to have been resolved by recent paramagnetic 
resonance experim.ents1 ' 2 on single crystals containing small concentrations 
. - . 
of Mn04 , Mn04 =, or Feo4 , the results of which lend support to the 
molecular orbital energy level scheme proposed by Ballhausen and Liehr3. 
Under these circumstances, the effect of 1r-bonding on the magnitude 
of Dq cannot be predicted. It is noted, however, that those ligands 
presuaed to cause small crystal field splittings in octahedral complexes 
because of rr-bonding interactions involving their non-bonded occupied 
p-orbitals {such as I-, Br-, Cl-, etc.) are the very ligands which produce 
the smallest crystal field splittings in tetrahedral Co(II) complexes. 
In some cases, at least then, the effect of ~-bonding on the e - t 2 
splitting in tetrahedral complexes may be similar to that in octahedral 
complexes. If so, then 7F"-bondi~ could contribute to increasing Dq in the 
tetrahedral heteropoly cobaltoate if the ligands could act as u-acceptors. 
However, the 3p- and 3d-orbitals of oxygen are probably too much higher 
in energy to make any significant contribution to bonding. The only other 
vacant orbitals of the proper symmetry which might be available would be 
delocalized anti-bonding orbitals arising from the largely covalent 0-W 
skeletonL. These orbitals should also be much higher in energy, though 
possibly not so high as to preclude 8llY participation in 7T-bonding. It 
would appear necessary to make a fairly detailed molecular orbital cal-
culation of energy levels embracing all of the atoms in the complex 
1. .A.. Carrington, D. J. E. Ingram, K. A. K. Lott, D. S. Schonland and 
M. C. R. Symons, Proc. Roy. Soc. (London), A25L, 101 (1960). 
2. D. s. Schonland, Proc. Roy. Soc., A25L, 111 (19m}. 
3. c. J. Ballhausen and A. D. Liehr, J':"Molec. Spectrosc., 2, 3L2 (1958). 
~. L. E. Orgel, Disc. Faraday Soc., No. 26, 138-lLL (1958).-
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heteropoly anion before any meaningful statement could be made concerning 
the plausibility of such speculations. 
For several reasons, it is attractive to conjecture about the 
availability of vacant anti-boming orbitals concentrated on the four 
central oxygen atoms. For example, the utilization of such orbitals 
concentrated largely on the ligam oxygen atoms could provide a relatively 
low-energy first step for the passage of a delocalized d-electron from 
Co(II) to the outside of the complex, and help explain the rapid rate of 
oxidation of Co by chemical agents which cannot possibly come into contact 
with the central tetrahedron of the anion. Moreover, the remarkable 
ability of these structures to transmit electronic effects across several 
atoms, as indicated by both the spectral and the magnetic evidence for the 
closely-related 12-tungstodicobaltate anions, suggests the importance of 
excited states in which these anti-bonding orbitals may be involved. A 
careful study of the charge transfer spectra of this anion and its numerous 
isomorphs with non-transition metal central ions might provide much 
pertinent information. 
In the foregoing discussion of the absorption spectrum of [CoOLw12o36]-6, 
the manner of estimating the crystal field and interelectronic repulsion 
parameters and the oscillator strengths has been described. The calculated 
values have been compared with values obtained for other known tetrahedral 
Co{II) complexes. It has been Shown that interpretation of the spectrum 
requires consideration of the effects of metal-ligand ~-bonding and d-electron 
delocalization, but that these factors alone appear inadequate to explain 
both the relatively normal (for oxide ligands) absorption intensities and 
the unusual values of Dq and B•. While it is possible that metal-ligand 
tr-bonding may play a part in determining the energy level scheme for Co 
in the heteropoly anion, it is not yet possible to predict the importance 
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of such bonding on the basis of the available experimental data. It is 
clear that a more complete analysis of the spectrum requires consideration 
not only of metal-ligand interactions, but also of the effects on the 
ligand atoms of their other nearest neighbors. (See also part b (3) below.) 
The fact that the ligand atoms are themselves mutually bonded in what 
is in fact a tetradentate ligand, rather than being discrete atoms, is 
a factor which should not be ignored in a detailed analysis, as recent 
work with some complexes containing bidentate ligands seems to indicate1• 
b. Magnetic Properties 
(1) Introduction 
The molar susceptibilities o£ K5H[CoOLw12o36]·nH2o and 
Ba3[CoOLw12o36J ·nH20 are tabulated in the Appendix, and are also shown 
graphically in Figs. V-2 and V-3. The plotted results incorporate 
corrections for diamagnetism (Chapter V, Section B) and for temperature-
independent paramagnetism (Chapter V, Section C). Table V-1 gives the 
values of the magnetic constants determined as described in Section D of 
that Chapter. 
It must be pointed out that all of those calculations were made on 
the assumption that the TIP for tetrahedral Co in the complex is L70 x lo-6 
ega units, a value which was calculated on the basis of an early estimate 
of Dq as LL5 em. -l. As shown in part a-2 above, however, a more detailed 
analysis of the absorption spectrum of the complex leads to an estimated 
Dq of L8L cm.-1, which indicates that the correction for TIP (• 2.09/10 Dq) 
should be L32 x lo-6 ega units. I£ the corrected molar susceptibilities 
for the salts o£ this anion had been based on the latter TIP estimate, 
the susceptibilities would be raised by only 0.5% at room temperature and 
1. J. Ferguson, J. Chern. Phys., ~, 1609 (1961). 
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"'0.1% at liquid nitrogen temperature. Such differences are within the 
overall probable error (including errors in magnetic measurements, chemical 
analyses, and estimates of diamagnetism and TIP corrections), and in any 
case, it changes the values of the Curie constants, effective magnetic 
moments, arxi g' factors by amounts which are too small to alter the 
interpretation in any serious w~. It is significant, however, that the 
direction of the change is such as to decrease the estimated values of 
the Weiss constants {e) from +0.8° and + 0.6° for the barium and potassium-
o 
acid salts respectively to about +0.1 for each. Although not all the 
data have as yet been fitted to the new Curie-Weiss equa.tions, calcula.tions 
based on a portion of the data (selected to cover the entire temperature 
range for all runs on both compourxis) irxiicate that the Curie constants 
should be adjusted upward by less than 1%. The values given below are 
based on the adjusted Curie constants: 
Jleff g' c e 
K5H[Coo4w12o36]·nH2o 4.28 2.21 2.271 
0 +0.1 K. 
Ba3[Co04Wl2036]•na2o 4.27 2.20 2.260 +0.1~. 
The differences between these values and those listed in Table V-1 
serve to demonstrate the degree to which the values of the magnetic 
constants may change upon application of adjustments which are within the 
overall range of error. Since the uncertainties associated with the various 
factors listed above are of the same order of magnitude, it is felt that 
the values of ~eff' g' and C given above could involve an error of about 
1%, arxi that the value of e for both salts is zero, with an uncertainty 
of ! 1°K. 
{2) Orbital Contribution 
The mechanisms by which the orbital contribution to the magnetic 
355 
moment may be quenched have been thoroughly elucidated1' 2, and it is 
predicted that orbital contribution is associated only with orbital triplet 
levels but not with orbital singlet or doublet levels produced When the 
spectroscopic ground state of an atom is split by a weak crystal field. It 
has been shown3, however, that while spin-orbit coupling cannot split a 
level with zero orbital angular momentum, it can decompose each of the 
higher triplet levels of tetrahedral Co(II) into four levels (see Chapter V, 
Section A). One level in both sets has the same symmetry as the LA ground 
2 
level, and can mix with the ground state and thereby introduce some orbital 
angular momentum into the ground state. Uooer those circumstances, the 
effective magnetic moment is given by Eqn. V-6, Jleff • Jl~fr(l - ~). For 
ions with an F spectroscopic ground state and a lowest A2 level, a has 
the value L and h~ is the separation between the A2 and T2 levels3 
(i.e., 10 Dq). On substituting into Eqn. V-6 the average effective magnetic 
moment for the two salts measured (L.273 B.M.), the spin-only magnetic 
moment for Co(II) (3.873 B.M.), and the value obtained for 10 Dq from 
analysis of the spectrum (L8LO cm.-1), it is calculated that the apparent 
spin-orbit coupling constant for Co(II) in the heteropoly complex is -125 
cm.-1• That value represents a reduction to 70% of the free-ion value 
(-178 cm.-1). Since the value of~ depends on the interaction of the 
d-electrons with heavy nucleiL,5, it is clear that a reduction in ~ 
implies delocalization of the d-electrons. 
In fact, the reduction has been related directly to the extent of 
covalent booo formation by Owen6. If it is assumed that each c:r-bonding or 
~anti-bonding molecular orbital of the complex consists only of a 
1. J. H. Van Vleck, "The Theory of Electric and Magnetic Susceptibilitiestt, 
OXford University Press, New York and London, 1932. 
2. E. C. stoner, "Magnetism and Matter•, Methuen and Co., Ltd., London, 193L. 
3. R. Schlapp and W. G. Penney, Phys. Rev., L2, 666 (1932). 
L. D. S. McClure in•Solid State Ph18d:es•, VO!. 9, F. Seitz am D. Turnbull, 
Editors, .lcadeaic Preaa, lev York, 1959, p. h39. 
5. M. H. L. PrJce, Disc. Farada7 Soc., lo. 26, 2~ ( 1958). 
6. J. Oven, Proc. Roy. Soe.-(Lomon), J.227, 183 (1955). 
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contribution from a metal 3d (or ~s) orbital and from a combined ligand 
orbital of corresponding symmetry (see Fig. VI-3), the unpaired electrons 
in the tetrahedral Co(II) complex are located in anti-bonding molecular 
orbitals composed of metal t2 orbitals and combined ligand orbitals of 
ot(3dxy) 
otOdyz) 
~Odxz) 
+ (1- d-..2)1/2 T2(xy) 
+ (1- oe2)1/2 T2(yz) 
+ ( 1- 0(2) l/2 T (xz) 2 
When terms involving overlap are neglected, the normalizing factor N • 1, 
and ~2 measures the probability of finding the unpaired electrons in t 2 
orbitals localized on the central metal ion. Owen's assumption is that 
the effective spin-orbit coupling constant in a complex depends only on 
the parts of the total wave function which correspond to pure d-orbitals, 
so that oc2 also measures the reduction of the orbital contribution to 
the magnetic moment. For a purely ionic complex, «.2 • 1; for a purely 
covalent complex, oe 2 • 0.5. Since D<. 2 • 0.1 for Co in the heteropoly 
anion, it is deduced on this model that there is a considerable covalent 
bonding interaction between Co(II) and the central four oxygen atoms of the 
central four oxygen atoms of the heteropoly complex. 
It must be pointed out, however, that Owen assumed that the sole cause 
of the reduction in i\ is covalent bonding, and that the value of 1\' for 
the complexed metal ion can be closely approximated by the value of A 
for the free metal ion. It has been claimed, however, that the magnitude 
of the spin-orbit coupling constant must be altered by radial expansion of 
the d-electron wave functions independently of covalent ligand-central 
metal interactions1• For that reason as well as for the following reasons: 
(a) the metal-ligand overlap integral is neglected in the model; (b) n-bonding 
1. W. Marshall and R. Stuart, Phys. Rev., 123, 20~8 (1961). 
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is presumed to be negligible; and (c) the overall uncertainty in estimating 
A1 from experimental measurements of magnetic susceptibility and from 
calculation of Dq is large, it is to be expected that calculations based 
on this model should yield only a rough estimate of the degree of mixing 
of metal and ligand orbitals. These considerations, together with the 
several factors involved in the reduction of B for complexed ions 
(see part a(l) above), probably explain in part why attempts at quantitative 
correlation of A•/~ with B'/B have not been successfu11• 
It could be added that attempts to express the value of B' /B calculated 
for the heteropoly anion in terms of the covalency parameter E (introduced 
for Mn(II) in octahedral complexes by Koide and Pryce2, and defined for 
Co(II) in tetrahedral sites by Weakliem3) lead to a much lower estimate 
of the contribution of ligand orbitals to the overall wave functions for the 
anti-bonding molecular orbitals of the CoOh group in the heteropoly complex 
(i.e., less covalent bonding) than that deduced by application of the 
Owen model to the combined magnetic and optical data. The discrepancy 
between the two estimates of extent of covalent interaction is considerably 
smaller than the discrepancies between oc and E values calculated for other 
metal oxide lattices containing Co(II) in tetrahedral sites. The x/A 
values indicated by the effective magnetic moments reportedh for a number 
of oxide host lattices containing Co(II) in tetrahedral sites are smaller 
{implying greater covalent interaction on the Owen model) than that found 
for the 12-tungstocobaltoate anion, while the B'/B values (part a-3 above) 
are larger (implying smaller covalent interaction) than that found for 
the heteropoly anion. 
1. F. A. Cotton, D. M. L. Goodgame and M. Goodgame, J. Am. Chem. Soc., 
83, u690 {1961). 
2. S. K0Ide and M. H. L. Pryce, Phil. Mag. (8), 3, 607 (1958). 
3. H. Weakliem, Jr., J. Chem. Phys., in press. -
h. P. Cossee and A. E. van Arkel, J. Phys. Chem. Solids, 15, 1 (1960). 
-
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The latter comparison calls attention to several important factors 
Which must be considered in the study of magnetic properties of tetrahedral 
Co in partially substituted metal oxides, but which are of only small 
consequence in the study of optical properties. For example, a study of 
the dependence of the magnetic moment of Co(II) upon its concentration in 
a ZnO host lattice1 suggests that antiferromagnetic interactions are 
important in all but the most dilute samples, in which, however, the 
magnitude of the diamagnetic correction becomes a factor of considerable 
importance. Also, the methods by which these substituted oxides are 
usually prepared makes the determination of composition and homogeneity 
and the control or determination of the oxidation state of cobalt subjects 
of considerable experimental delicacy. Moreover, in several different 
host lattices which have been studied (e.g., the spinels) Co may be 
substituted into octahedral sites, tetrahedral sites, or both types of 
sites. Indeed, the study of bulk magnetic properties has probably been 
the most widely used single approach to the deduction of si 1e symmetries 
in such systems. To the author's knowledge, however, the heteropoly 
12-tungstocobaltoate salts constitute the only group of compounds in which 
the magnetic properties of tetrahedral Co(II) in an oxide lattice may be 
studied with complete confidence as to site-symmetry, oxidation state of 
Co, uniformity of composition, and absence of antiferromagnetic interactions. 
Thus, while the effective magnetic moments reported for tetrahedral 
Z-}f 
Co(II) in different oxide lattices vary from 3.9h to h.28 B.M., the moment 
found for Co in the heteropoly complex (h.27 B.M.) falls into close sequence 
1. P. Cossee, Thesis, Leiden, 1956. 
2. P. Cossee and A. E. van Arkel, J. Phys. Chern. Solids, 15, 1 (1960); 
P. Cossee, Thesis, Leiden, 1956, and J. Inorg. Nucl7 Chern.,~' h83 
(1958). 
3. R. H. Holm and F. A. Cotton, J. Chem. Phys., 32, 1168 (1960). 
h. J. T. Richardson and L. w. Vernon, J. Phys. Cnem., ~' 1153 (1958). 
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with the magnetic moments of numerous other tetrahedral Co(II) complexes1 
when they are arranged according to their Dq values, as predicted by Eqn. V-6. 
(3) Weiss Constants 
It has been shown above (Chapter V, Section D; This chapter, 
part 3-b(l) above) that the Weiss constant for both the bari'Wil salt and 
the potassium acid-salt of the 12-tungstocobaltoate anion is essentially 
0°K., and that any deviation from zero (small at most) can be satisfactorily 
accounted for in terms of error in the estimation of correction terms. 
While a few other tetrahedral Co( II) complexes have been reported to have 
very small Weiss constants, a far greater proportion of them emibit Weiss 
constants in the range -6° to -1SOK.1.t 2• (Earlier work is not cited because 
in general TIP corrections had not been incorporated into the calculations.) 
As set forth in Chapter V, Section A, it had been shown that, for ions with 
an !2 orbital ground state, non-zero values of the Weiss constant must 
originate either in antiferromagnetic spin-aligning interactions or in 
distortion of the ligand field. 
To date, Csj:oC15 and Cs~oClL are the only tetrahedral Co(II) compourxls 
for which analyses of magnetic susceptibilities and their temperature-
deperxiences, in terms of refined structure data and paramagnetic resonance 
data, have been essayed). For those compounds, it was suggested3 that both 
mechanisms (antiferromagnetism am ligand field distortion) operate to 
produce non-zero Weiss constants. 
In the 12-tungstocobaltoates, the possibility of arrliiferromagnetic 
interactions may be excluded for the following reasons. In the first place, 
the compounds have very high magnetic dilution (more than LO oxygen atoms 
per Co atom). In the secorxi place, it was found that in K5[CoOLw12o36]•20 H2o, 
l. F. A. Cotton, D. M. L. Goodgame and M. Goodgame, J. Am. Chem. Soc., 83, 
L69o (1961). --
2. F. A. Cotton, O. Faut, D. M. L. Goodgame and R. H. Holm, J. Am. Chem. 
soc., 83, 1780 (1961). 
3. B. N. Figg!i, Seminar, Harvard University, 1/17/62. 
the closest approach between the centers of oxygen atoms in two adjacent 
anions is 3. 7 i, a distance which is considerably larger than the sum of 
the ionic radii for two oxygen atoms (2.8 X). It is known1 that 
K5H[CoO~w12o36] •nH2o is isomorphous with its Co(III) analogue, am has 
virtually the same unit cell parameters. Essentially the same relationship 
between adjacent anions should therefore pertain in the Co( II) compound. 
With such a structure, it would seem to be extremely improbable that a 
spin-aligning interaction could be transmitted from one Co atom to a 
second Co atom more than 12 i awa:y, via a path involving well-separated 
non-bonded oxygen atoms. This is corroborated, of course, by the essentially-
zero Weiss constant deduced for the potassium acid-salt of the anion. It 
is further corroborated by the fact that the Weiss constant deduced for 
the barium salt of the anion is the same as that deduced for the potassium 
acid-salt (well within experimental error). While the structure of the 
barium salt is not known, it is known to be different from that of the 
potassium acid-salt. It would indeed be remarkable if either or both salts, 
having high magnetic dilution and different structures, participated in 
antiferromagnetic interactions which resulted in essentially-zero Weiss 
constants for both salts. 
The essentially-zero 6 value also strongly indicates that the central 
Co(II)O~ tetrahedron may be regarded as perfectly regular, at least to a 
good first approximation. This agrees with expectation: (a) Since the 
ground state of Co(II) in a tetrahedral field is orbitally non-degenerate, 
no internally-initiated drive toward a static distortion of the Jahn-Teller 
type is expected. (b) Since the overall geometry of the anion is 
tetrahedral and three-dimensionally interlaced, no distortion should be 
1. K. Eriks and D. Bass, Unpublished work. 
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introduced by the anion structure. It is possible that crystal packing 
forces could introduce some distortion into the main framework, but the 
anion distortion observed for the Co(III) isomorph was small, and could 
equally well have arisen, at least in part, from the Jahn-Teller induced 
distortion of the central Co(III)Oij tetrahedron. The argument used above 
could also be applied equally well here: if anion distortions exist in 
either or both of the non-isomorphous salts of the 12-tungstocobaltoate 
anion, there is only a small probability that they would lead to central 
tetrahedron distortions of such 8yllllletry and magnitude as to cause both 
salts to exhibit the same temperature dependence of magnetic susceptibility. 
It is highly probable, therefore, that the central Co(II)Oij tetrahedron 
is truly regular, and that in the crystalline solid, the W-0 framework is 
either regular, or distorted only slightly and in such a way that the 
symmetry of the central group is unaffected. 
It must be added that a very small distortion, of such magnitude as 
to produce oflly a very small splitting of the triplet levels and a very 
small e value, could escape detection in magnetic measurements carried out 
at temperatures down to only 800Jc. This uncertainty could possibly be 
resolved b,y magnetic measurements at very low temperatures, but a more 
satisfactory complement to the picture of the ground state of Co(II) 
in the heteropoly anion might be provided by a paramagnetic resonance 
study, to determine whether or not there is any zero-field splitting of the 
ground level. 
In view of the arguments that the only probable source of dissymmetry 
in the crystalline solids is crystal packing forces, and that the effect 
of such dissymmetry on the central tetrahedron is very small at most, it 
would appear that in solution the anion and its central polyhedron should 
both be regular tetrahedra. This deduction makes it very improbable that 
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the presence of low s.ymmetry fields would be a significant factor in 
explaining the .fact that the crystal field bands of the absorption spectrum 
of a solution of the anion are considerab:cy broader and more structured 
than is predicted from a consideration of spin-orbit coupling effects alone 
(part 3-a(2c) above). Only dynamic Jahn-Teller effects in excited states 
remain as an important mechanism for interpreting the structure and breadth 
of the bands. It has been reported1 that McClure has been able to account 
.for the spectra of some tetrahedral Co(TI) complexes in terms of dynamic 
Jahn-Teller effects, but to the authar•s knowledge, that work has not yet 
been published, am there appears to be no other report in which the 
significance of the effect has been conclusively demonstrated for 
tetrahedral Co(II) complexes. It appears that successful analysis of the 
component structure of the [CoO~w12o36]-6 absorption bands will require 
detailed consideration of this type of Jahn-Teller effect. 
a. Absorption Spectrum in Solution 
(1) General Background concerning Energy Level Diagrams for Co(III), 
a 3d6 Ion 
In the discussion to follow, familiarity with much of the general 
background material presented in part 3-a(l) above will be assumed. 
The .field-free Co( III) ion has a .5D ground state. Numerous higher 
energy triplet and sing let terms, but no other quintet terms, arise from 
the d6 configuration2• Unfortunately, the energy levels for the Co(TII) 
ion are not well known3• However, the term energies in terms of Slater 
1. Quoted b.1 F. A. Cotton et al, J. Am. Chern. Soc., 8), ~690 (1961). 
2. G. Herzberg, 11Atomic Spectra and Atomic Structurev;" Prentice-Hall, Inc., 
New York, 193~. 
3. c. E. Moore, "Atomic Energy Levels", Natl. Bureau Standards (U.S.) 
Circ. ~67, Vol. II, Washington, D. c., 19.52. 
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parameters have been worked out\ and by substituting the values estimated 
by Orgel2 for the Slater parameters, one may calculate that the four lowest 
triplet states(~, 3p, ~' 3a) lie between 2~,000 and 30,000 cm.-1 above 
the 5o ground state. (The actual Slater parameters chosen for the above 
calculation, F2 • 1780 cm.-
1
, F~ • 1~5 cm.-1, represent an adjustment of 
the values quoted by Orgel, based in part upon a comparison of the 
experimental term separations for the isoelectronic Fe(II) ion with the 
separations calculated with the aid of Orgel's estimates of the Slater 
parameters for that ion. The estimated Slater parameters for Co(III) are 
equivalent to the following values of the Racah parameters: B • 1055 em. -l 
arrl 0 • 5015 em. -1• The latter values compare closely with the values 
used by Tanabe and Sugano3 .) 
In a weak octahedral crystal field, the 5o term is split into a 
5T2g ground state and 
5Eg excited state. Since the t 2 orbitals are 
unsymmetrically occupied, a ground-state (or static) Jahn-Teller distortion 
is expected to reduce the degeneracy of the ground level, but Van Vleck 
has shown~ that for a T2 ground state, distortion leads to a relatively 
small gain in energy (of the order of 100 em. - 1). Indeed, it appears that 
distortions of that type are of such a magnitude as to be at or below the 
limit of detection by ordinary X-ray crystallographic methods5• The effect 
of uns.ymmetrical occupation onE levels in octahedral fields, however, 
has been predicted~ to be at least one order of magnitude greater. Since 
the single spin-allowed crystal field transition involves an excited E 
1. M. Ostrofsky, Phys. Rev., ~6, 60~ (193~). 
2. L. E. Orgel, J. Chem. Phys:; 23, 1819 (1955). 
3. Y. Tanabe and s. Sugano, J. Pfi'Ys. Soc. Japan, 9, 153 an:l 766 (1955). 
~. J. H. Van Vleck, J. Chem. Phys., 7, 61 and 72 Tl939). 
5. T. M. Dunn in "Modern Coordination Chemistry", J. Lewis and R. G. 
Wilkins, Fllitors, Interscience Publishers, Inc., New York, 1960, 
pp. 229-300. 
state, it might be anticipated that the removal of degeneracy of the E 
state via a dynamic J~Teller effect should be revealed in the absorption 
spectrum, either through broadening or through splitting of the band 
corresponding to that transition. The crystal field spectra of numerous 
octahedral complexes of Fe(II), in crystal and in solution, have been 
1-L shown to feature one broad band with two maxima , in addition to several 
spin-forbidden bands2,5. Although nothing is known of the spectrum of 
Laeoa3 (in which the Co is spin-free), the visible spectrum of (spin-free) 
KJCoF 6 has been reportedL, and also shows a large splitting which has 
been interpretedL as a dynamic Jahn-Teller effect. 
As previously indicated, all other known octahedral complexes of 
Co(III) are diamagnetic. This situation arises because for sufficiently 
large Dq' s, the crystal field stabilization energy gained by a spin-paired 
configuration is greater than the energy required to pair electrons. It 
has been calculated1 that for Co(III), the critical value at which a level 
of lower spin multiplicity (1A1g) crosses over and subsequently drops 
below the 5T2 ground state is Dq/B ~ 2. The absorption spectra of such 
complexes and their interpretation have been the subject of a voluminous 
literature, to which a few references are given belowl,6. 
In a regular tetrahedral field (Td), the 5D term is split into a 5E 
ground state and a 5T2 excited state. The orbital distribution of electrons 
in the ground state is e3(t2)
3
• Thus, as for octahedral complexes of 
1. Y. Tanabe and S. Sugano, J. "Phys. Soc. Japan, 9, 753 and 766 (1955). 
2. C. Furlani, Gazz. Chim. Ita1., 87, 371 and 380-(1957). 
3. o. G. Holmes and D. s. McC1ure,"""J'. Chem. Phys., 26, 1666 (1957). 
L. F. A. Cotton and M. D. Meyers, J. Am. Chem. Soc.;-82, 5023 (1960). 
5. C. K. J~rgensen, Acta Chem. Scand., 8, 1502 (l95LI)7 
6. C. J. Ballhausen and W. Moffitt, J. Inorg. Nucl. Chem., 3, 178 (1956); 
s. Yamada et a1, Bull. Chem. Soc. (Japan), 28, 222 (!955); 
C. K. Jprgensen, Reports of the lOth Solvay ~onf'erence in Chemistry, 
Brussels, 1956, pp. 355-385; H. Yamatera, Bull. Chem. Soc. Japan, ]!, 95 {1958) • 
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Co(III), un~etrical occupation of the lower e orbitals (directed between 
the ligands) leads to the prediction of a static Jahn-Teller distortion 
of the ground state. By analogy with the evidence for octahedral transition 
metal complexes in which the same situation prevails, the distortion for 
a tetrahedral d6 configuration might be expected to be small. Although 
no structural information is available for the only other tetrahedral d6 
complexes reported1' 2 (the tetrahaloferroates), calculations) for the 
related tetrahedral d1 compound VClL indicate that the ground state should 
be considerably stabilized by elongation of the tetrahedron. This is exactly 
what was foum in the X-ray structural study of the [Co +3o~lv12o36r5 ion, 
as described previously (part 2 above). 
There can be little question but that the geometry of the central 
tetrahedron of the anion does represent a Jahn-Teller-initiated distortion. 
The argument that the distortion of the Co(III)OL tetrahedron could 
result from the distant effect of crystal packing forces is disputed by 
the evidence that the central Co(II)OL tetrahedron is regular both in 
solution and in a crystalline salt which is isomorphous with the 12-
tungstocobaltiate salt on ~ich the structure determination was performed. 
It then follows that the lower-than-tetrahedral s.y.mmetry of the central 
Co(III)OL tetrahedron persists even When salts of the anion are dissolved. 
As suggested by BakerL, the interior of a 12-heteropoly anion probably 
represents a very special sort of chemical environment for a transition 
metal in a discrete complex ion. This would be expected to affect the 
magnitude of the Jahn-Teller-initiated geometrical distortion. The twelve 
1. N. s. Gill, J. Cham. Soc., 1961, 3512. 
2. V. Caglioti, c. Furlani, E.cervone and v. Valenti, Proceedings of 
the 7th I.C.C.C., Stockholm, 1962, Paper No. lBB. 
3. C. J. Ballhausen and A. D. Liehr, Acta Cham. Scand. , 15, 775 ( 1961) • 
L. L. C. W. Baker in "Advances in the Chemistry of the Coordination 
Compounds", Proceedings of the Sixth Int•l. Conf. on Coord. Chem., 
S. Kirschner, Editor, The Macmillan Company, New York, 1961, 
pp. C:oL-612. 
oxygen atoms on the exterior of the heteropoly anion are undoubtedly 
heavily polarized only toward the W(VI) atoms. In contrast, the four 
interior oxygen atoms (surrounding the Co) are not excessively polarized 
in any one direction since each is surrounded by three W(VI) atoms and 
the Co(III) atom. Thus a stronger attraction exists between the oxygen 
atoms on the outside of the anion and the tungsten atoms, than between 
the interior oxygen atoms and the tungsten atoms. This results in the 
displacement of the tungsten atoms, within their octahedral pockets, 
toward the outside of the heteropoly complex. The oxygen atoms which 
form the exterior of the heteropoly anion are drawn tightly in toward 
the center of the complex, until the repulsive forces between them equal 
the strong attractive forces exerted by the layer of tungstens just 
beneath. Thus the outside of the anion consists of some layers of atoms 
drawn tightly together by strong attractive forces. The four oxygen atoms 
surrounding the Co( III), however, are entirely within the W framework and 
are subjected to counterbalancing pulls from the Co and adjacent W atoms. 
Consequently, distortions initiated by weak Jahn-Teller forces may be 
considerably larger within heteropoly anion structures than in other 
situations. 
These predictions are borne out by the X-ray structure determination 
366 
for K5[CoO~w12o361 •20H20. The distances between the W atoms and the twelve 
peripheral unshared oxygen atoms averaged only 1.58 H, while the distances 
between the four interior oxygen atoms and adjacent tungsten atoms 
0 
averaged 2.23 .A. (The distances between tungsten atoms and adjacent 
singly-shared oxygen atoms averaged 1.87 i.) 
This whole picture is further substantiated by the strength of the 
acids (see Figs. IV-1 and IV-6) and the estimates of ionic radius in 
solution ror 12-tungstosilicate1 • The exterior oxygen atoms, being highly 
polarized toward the interior or the heteropoly anion, present backsides 
or very reduced nucleophilic character toward the outside or the complex. 
Thus the acids are strong and the temency to form H-boms is reduced. 
This accounts for observed hydrodynamic radii which do not exceed the 
radii or the anions in crystals1 ' 2 • 
In contrast to the four oxygens surrouming the Co( III) in the 
heteropoly anion, the atoms coordinated to a central atom in a simple 
complex (e.g., the ligands surrounding V(IV) in VClL) would be more 
preferentially polarized toward the central atom. 
The X-ray determination imicated that the tetrahedron or the 
[CoOLW12036r.5 ion involves rour Co-O distances or 1.9 R. The tetrahedron 
is elongated as predicted. Two opposite 0-0 distances are 2.7 i, two are 
3.2 i, am two are 3.3 i. 
The experimental error in the structure determination leaves 
'W'Iresolved the question as to whether the central tetrahedron is simply 
elongated {point group SL), or is elongated and slightly twisted 
(point group D2). Umer the influence or either or these lower symmetry 
fields, the degeneracy or the E am T2 levels is lowered, as imicated 
below. (Energy level separations are not drawn to scale.) 
1. T. Kurucsev, A. M. Sargeson am B. O. West, J. Phys. Chem., 61, 
1.567 (19.57) • -
2. M. T. Pope am L. C. W. Baker, J. Phys. Chem., ~' 2083 (19.59). 
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Figure VI-1 
Energy Level Diagrams for the 5n Term of the d 6 Configuration 
in Distorted Tetrahedral Fields. 
Al 
Al 
It might be hoped that this question could be resolved on the basis 
of the absorption spectrum, since the diagrams above indicate that 
different numbers of maxima might be observed for the two point groups. 
It must be pointed out, however, that Jahn-Teller effects are expected 
6 to be important in the excited state of the tetrahedral d configuration, 
am that these could lead to additional splitting of the absorption band 
even if the ground state were one of regular tetrahedral symmetry. Thus 
while the spectrum of the anion in solution can be correlated with the 
energy level diagram for a distorted tetrahedron, the present interpretation 
does not provide conclusive evidence for a choice between the above-cited 
symmetries of the local field around Co(III). A comparison of the solution 
spectrum with the spectrum of the crystalline solid might yield information 
on this point, as might analysis of low-temperature polarized spectra of 
the anions in several different crystalline salts. 
(2) .Analysis of the Spectrum 
The absorption spectrum of the normal potassium salt of [co•3o~w12o36]-5 
1. The set of designations in square brackets represents a more commonly 
used terminology which is specific2 for the point group n2• 
2. R. P. Baumann, "Absorption Spectroscopy", John Wiley and Sons, Inc., 
New York, 1962, p. ~52. 
in aqueous solution has been shown in Fig. IV-7 for the wave number 
range 5,000 - L2 ,000 em. -1. Shortly after the spectrum had been recorded 
as part of this investigation, the portion of the spectrum between 19,000 
and LL,OOO cm.-1 was reported by other workers1• For the range where 
their measurements and those reported herein overlap, the results are in 
good agreement. 
A.s in the case for the spectrwn of [Co •2oLw12o 36] -6, most of the 
intense absorption in the ultraviolet region can be attributed to intra-
ligand charge transfer involving the tungstate framework but not involving 
central metal orbitals. This deduction is based on the fact that an 
369 
intense absorption band, with its maximum at essentially the same frequency 
and with approximately the same height and shape, is observed in the spectra 
of numerous 12-tungsto anions with various central atoms (P(V), Si(IV), Co(II), 
Co(III), etc.). That portion of the spectrum which can be firmly attributed 
to crystal field transitions of the tetrahedral Co(III) ion is shown in 
Fig. IV-8. 
The review which precedes this section indicates that the crystal 
field spectrwn of tetrahedral Co(III) complexes should contain (a) one 
bam which correspon:ls to the spin-allowed transition between e and t 2 
orbital levels and which therefore reflects the energy separation of those 
orbitals, 10 Dq, and (b) one or more bands corresponding to spin-forbidden 
transitionst.rom the 5E ground state to various accessible triplet states. 
(Transitions to singlet states are not expected to be observed because 
they should be extremel~y weak2 (6S • 2), and because they should for the 
most part occur at higher energies where they would in any case be masked 
by the tungstate absorption.) 
1. Y. Shimura and R. Tsuchida, Bull. Chem. Soc. Japan, 30, 502 (1957). 
2. J. S. Griffith, "Theory of Transition Metals", Cambr'Iage University 
Press, London and New York, 1961, p. 300ft. 
(a) The Spin-Allowed Transition: The broad and complex band with 
center of gravity of total intensity at 85.50 em. -l clearly corresponds to 
the spin-allowed transition .5E ---+ Sr2• The oscilla.tor stre~th for the 
transition, estimated by graphical integration of the entire area under 
the curve, is 1.8L x 10-3. The composite band, which has maxima at 
- 6.500, (7100), 8100 and 9100 em. -l, can be roughly analyzed into three 
symmetrical components with maxima at ""6.500, 8000, and 9.500 em. - 1• 
Whereas spin-orbit coupling can split the .5T 2 band by only .500 -
600 cm.-1 (the predicted first-order splitting for spin-orbit coupling1 
is .57<..), the static or combined static and dynamic Jahn-Teller effects 
previously described can easily account for the observed total splitting 
of 3000 cm.-1. If these three components of the intense crystal field 
band are identified with the three levels of .5T2, then the baricenter 
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.5 -1 
of the T2 level lies 8000 em. above the ground state. That value would 
then represent the energy separation between the e and t 2 orbitals if the 
ground term .5E were unspli t. Since it has been argued for the crystalline 
solid (vide supra) that the central tetrahedron of the anion is distorted 
primarily by Jahn-Teller forces rather than by crystal packing forces, 
the symmetry of the crystal field around Co(III) must remain lower than 
tetrahedral when the anion is in solution, and the .5E ground state 
consequently must be split. In order to determine the value of Dq 
(which is the modulus of the cubic crystal field strength), the magnitude 
of that splitting must be known, requiring direct observation of a transition 
between the two non-degenerate levels of the E state (or a calculational 
estimate of the Jahn-Teller configurational instability for the undistorted 
molecule, such as was performed for VClL)• In the absence of such 
1. w. Low and M. Weger, Phys. Rev.,~, 1119, 1130 (1960). 
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information, a reasonable argument can be made that the instability of 
the symmetrical ground state configuration for Co(III)OL in the heteropoly 
anion is not drastically different from that for the VClL molecule ( 500 em. -l), 
although possibly somewhat larger. 
Under these circumstances, it is probably safest to follow the 
procedure customarily employed for complexes which are affected by Jahn-
Teller distortions, namely to define the observed energy separation as 
10 Dq, pointing out that the value of Dq applies only for the actual 
asymmetric crystal field. 
If the assignment described above is essentially correct, then the 
value of "Dq" for Co(III) in the distorted tetrahedral field of oxygen 
atoms is 800 cm.-1• The value is a reasonable one for a tetrahedral complex 
of Co(III) (it correspon:ls to ..vO.Ll Dq[Co(H
2
0)
6
]+3, whereas the 
theoretical ratio for Do. t /bq t for the same ligands is o.LL5), 
'"'tie • oc • 
although it is perhaps smaller than might be expected in view of the known 
distortion and of the fact that Dq for the analogous Co(II) complex is 
larger than predicted on the basis of the theoretical ratio. 
Of course, it is also possible to interpret the structure of the 
strong crystal field band in other ways which still fall within the usual 
crystal field concepts. At this stage, without more detailed knowledge 
about the visible absorption spectrum (such as its temperature dependence, 
the polarization of its components, etc.), it does not seem profitable 
to debate the relative merits of various possible assignments. It is 
hoped that a detailed study of the spectrum of the 12-tungstocobaltiate 
anion will eventually be made, because it should provide an opportunity, 
rare for tetrahedral complexes, to compare the effects of an essentially 
fixed ligand field on metal ions having different numbers of d-electrons. 
Moreover, a comparative spectral study of 12-tungsto anions containing 
different central ions should make possible considerable elucidation of 
the boming structure within the isomorphous anions. 
(b) Spin-Forbidden Transitions: It was indicated above that one or 
more spin-forbidden transitions might be expected at higher frequencies. 
Several low intensity bands were observed, one being a composite band with 
at least two components (maxima at ""lL,200 and 15,600 em. - 1), am the 
other being a nearly symmetrical band (maximum at 17,300 em. -1). By 
graphical integration of the entire area under the complex curve in that 
wave number region, the total oscillator strength for the three or more 
bands was calculated to be 6.0 x lo-5. The nearly-symmetrical band 
accounts for approximately half of that value, and the asymmetric band 
accounts for the other half. The bams are shown on a tenfold-expanded 
scale in Fig. IV-8. 
From the Tanabe and Sugano matrices, it is predicted that only one 
of the triplet states will approach the 5E ground state as a result of 
the presence of the ligand field. That state { 3rr 1) achieves stabilization 
through the presence of the configuration e4(t2)
2
• It is possible that 
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the 3T1 level might be split by the same mechanisms which produce splitting 
of the 5T2 level, am that the three weak bands observed might actually 
be components of a single level. If so, the splitting is unusually large 
for such a band. Moreover, if' the complex band is assumed to be a single 
band and roughly fitted to a Tanabe-Sugano diagram along with the 
5E- 5T2 band, the electrostatic interaction parameter B' for Co( III) 
in the complex is indicated to be of the order of 950 cm.-1• Since the 
reduction in B is usually foum to be significantly larger for metals in 
•3 oxidation state than for metals in +2 oxidation state, and since the 
reduction in B for the Co(II) isomorph was foum to be ~30%, it would be 
surprising to find the reduction in B for the Co( III) complex to be only 
of the order of 10%. 
A more satisfactory interpretation may be based on the assumption 
that the three bands observed correspond to transitions to higher spin-
forbidden states. (The number of such states is larger than is in::licated 
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on the usual small-scale Tanabe-Sugano diagram. For the most part, except 
at very small crystal field strengths, their energy separations from the 
5E ground state are nearly in:lependent of crystal field strength.) 
Calculations shown that, for Dq • 800 em. - 1, the transitions can be brought 
into the observed wave number range by taking B 1 as ""600 em. -1, cor-
responding to a reduction of more than ltO% in the free-ion value. The 
positions of all of the crystal field bands may then be reas:> nably well 
accounted for in a manner Which implies that the transition to the lowest 
3T1 state is not separately observed because it falls near the transition 
to 5r2• 
The reduction in B is consistent with the conclusions described 
above (part 3-a(3)) for Co(II) in the same ligand field. In the latter 
case, the fact that the Dq value is larger and the B 1 value smaller than 
corresponding values for Co(II) in other tetrahedral oxide lattices was 
interpreted as evidence for a considerable degree of covalent bonding 
between the metal and the ligand oxygen atoms of the heteropoly anion. 
Substitution of a trivalent metal ion for the divalent ion should then 
increase the extent of covalent interaction and cause an even larger 
proportional reduction in B. That prediction would appear to be verified 
on the basis of this necessarily rough analysis of the crystal field 
spectrum of the 12-tungstocobaltiate anion. 
(c) The Intense Band near 25,000 cm.-1 : Fig. IV-7 shows an intense 
absorption band with Emax • 1250 at 25,250 em. - 1• It is this band which 
is responsible for the intense yellow color of the complex anion. Since 
the only spin-allowed transition for Co(III) in a tetrahedral field is 
~--+ 5T2, the high intensity of the band shows that the band does not 
arise from a normal crystal field transition. Moreover, since a 
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comparable band is not observed in the spectra of other heteropoly 
12-tungsto anions containing non-transition metal central ions, the band 
cannot be assigned as an intra-ligand charge transfer band. It is proposed 
tha.t this band must originate from a transition involving orbitals of both 
the ligands and the central Co{III) atom, and therefore having some of the 
characteristics of a charge transfer process. Such bands are well-known 
for complexes containing oxidizable ligands and reducible central atoms1-5, 
as well as for complexes containing reducible ligands and oxidizable 
central atomsl,3,5, 6• (The so-called •Rydberg spectra" for inorganic 
complexes, arising from d-- s or d- p transitions within the central 
metal orbitals, are usually not distinguished from the latter category 
since the s and p orbitals are often strongly involved with ligand orbitals 
and since in any ease the excited states of the two kinds of transitions 
may intermix5.) 
In the 12-tungstoeobaltiate anion, however, both the central atom and 
the ligand fall essentially into the "reducible" category, so that the 
interpretation of this charge transfer band is not immediately obvious. 
Before any specific assignment can be made, it must be determined whether 
the charge transfer occurs in the direction ligand ----+ metal, or metal 
~ligand. An unsophisticated consideration of a number of the factors 
1. L. E. Orgel, Quart. Rev., 8, L22 (195L); J. Chem. Soc., 1952, L756; 
Reports of the lOth Solvay Conference in Chemistry, Brussels, 1956. 
2. M. Linhard and M. Weigel, z. anorg. Cham., 266, L9 (1951). 
3. F. s. Dainton, J. Chem. Soc., 1952, 1533. -
L. c. K. Jprgensen, Acta Cham. Se&na:, 11, 166 (1957); 9, 717 (1955). 
5. D. s. McClure in "Solid State PhysciSW, Vol. 9, F. Siitz and D. 
Turnbull, Editors, Academic Press, New York, 1960, pp. LL2-51; 502-11. 
6. R. J. P. Williams, J. Cham. Soc., 1955, 137. 
-
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appears to favor an explanation in terms of excitation of a Co 3d electron 
to an unoccupied anti-bon:Jing molecular orbital of the co04 group, as 
described below. 
Fig. VI-2 shows the energy level diagram and electron distribution 
for the tetrahedral Co(III)04 group in the 0"-bonding approximation. (In 
monatomic ligands such as Cl-, there are, in addition to a pair of 
cr-bonding electrons, four other electrons per ligand which are available 
in ~-bonding orbitals localized on each ligand atom. In the heteropoly 
anion, the electrons comparable to the 11'"-bonding electrons of Cl- are not 
localized on the oxygen atoms but are instead delocalized through cr-bonding 
with the surrounding W atoms. As indicated in the discussion of 
12-tungstocobaltoate, the situation is thus considerably more complicated 
than for monatomic ligands, for which n--bonding and 7r-anti-bonding 
combinations can be indicated on this type of diagram1• The complexity 
is increased further by the fact that, in tetrahedral complexes, the 
d(t2) and p metal orbitals as well as the d(e) orbitals may be involved 
in 1f-bonding. Therefore no attempt has been made to predict relative 
positions of orbitals arising from possible T-bonding interactions for 
the heteropoly anion.) 
Two basic types of charge transfer processes may be observed in the 
spectra of transition metal complexes: (1) those in which an electron 
localized primarily on a ligand atom is excited to an orbital concentrated 
mainly on the metal atom, and (2) those in which an electron originating 
in a primarily metallic orbital is transferred to an orbital associated 
with one or more ligand atoms. Of the two, processes of the first type 
(metal reduction in the excited state) have been more frequently observed 
and studied for complexes of the transition metals. Since (a) a strong 
1. A. D. Liehr, J. Chem. Ed.,~, 135 (1962). 
Figure VI-2 
1 Molecular Orbitals for the Tetrahedral Co(III)04 Group in 
4p: 
4a: 
2 the a-Bonding Approximation • 
e 
lxx/ x f-
Pure metal 
orbitals 
t 2 : anti-bonding 
e: non-bonding 
~XX I X I 
Molecular orbitals of 
the central tetrahedron 
Ligand ~-molecular 
orbitale 
(degenerate) 
1. The lowered degeneracy of the e- and t 2-orbitals in a distorted tetrahedral field ie not illustrated. 
2. Relative energies of the various orbitals are not shown to scale. 
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band is observed for the Co{III) heteropoly complex but not for its Co{II) 
isomorph, {b) Co(III) in the heteropoly anion is unstable with respect 
to reduction to Co(II) (Chapter IV, Section C; Chapter VI, Section A 
part .5), and (c) the molecular-orbital energy level diagrams for tetrahedral 
Co(III) and tetrahedral Co(II) are qualitatively identical except that 
there is an electron-hole in the a-orbitals of Co(III), it would at first 
appear reasonable to assume that the charge transfer band in the 
12-tungstocobaltiate anion spectrum belongs to the category of metal 
reduction bands. (The transferred electron would originate in a pre-
dominantly ligand bonding orbital, and be excited to the half-filled 
a-orbital of the metal.) The major argument against that proposal is that 
it now appears reasonably well established1-~ that all such transitions 
which are observed in reasonably low energy ranges (visible and near-
ultraviolet) involve transfer of a ~-electron. In cases where the 
"would-be" 1T"-electrons are involved in CT'-bonding between the ligand atoms 
and yet other atoms, charge transfer reactions (when they can be observed 
at all) occur in the far ultraviolet. Perhaps the most striking and best-
known example of this phenomenon is the case of the Co(III) hexammine and 
halopentammines.5. The maxima of the first charge transfer bands for the 
halopentammines are observed at frequencies corresponding to -2.5,000 -
35 ,ooo em. -l (increasing from r- to cl-), whereas the first charge transfer 
band for [Co(NH3)6]+
3 begins to arise beyond 40,000 cm.-1, and does not 
achieve maximum intensity at ~..5 ,000 em. -l. Thus the band observed at 
2.5,250 cm.-1 in the 12-tungstocobaltiate anion spectrum probably should 
1. c. J. Ballhausen and A. D. Liehr, J. Molec. Spectrosc., 2, 3~2 (19..58). 
2. C. K. J-rgensen, Acta Chem. Scand., 11, 166 (19.57). -
3. T. M. Dunn in "Modern Coordination Cnemistry", J. Lewis and R. G. 
Wilkins, Editors, Interscience Publishers, Inc., New York and 
London, 1960, p. 29~. 
~. A. Carrington, Ph.D. Dissertation, University of Southampton, 1959. 
5. H. Linhard and M. Weigel, z. anorg. Chem., 266, ~9 (19.51). 
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not be correlated with a transition involving either those oxygen atom 
electrons bomed to tungsten atoms or those involved in cr"'-bonding to the 
Co atom. 
The second possibility is the excitation of a Co 3d-electron to a 
vacant higher-energy anti-bonding orbital. The anti-bonding orbital could 
be a cT-orbital (a1 or t 2) or a 7f-orbital. Identifications have been made 
for transitions to all of the comparable types of orbitals in octahedral 
complexes1-~. In general, it may be said that the intensities of such 
transitions depend in large measure upon the extent of delocalization of 
the orbitals in both initial and excited states: transitions involving 
rr anti-bonding orbitals have very high intensities, while transitions 
to D{a1) anti-bonding orbitals frequently have intensities of only the 
order of magnitude of d --+ d crystal field transitions. The transition 
energies depend distantly on the separations between the 3dn and the 
3dn-l~s or 3dn-l~p configurations in the free ion, but those separations 
are always very .much altered by the covalent bonding interactions. It 
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seems entirely reasonable that the intense absorption band observed for 
[co•3o~w12o36]-5 should be attributed to a process of this sort. Although 
a particular assignment has not yet been made or justified, the general 
proposition finds possible support in the absorption spectrum of the Co(II) 
isomorph (Figs. IV-2 and IV-3). It is noted that that anion also absorbs 
in the same range of wave numbers. .Although the band is much weaker in 
intensity than the comparable band in the Co{ III) complex {comparable 
rather to the intensities of the crystal field transitions), it is also 
very much stronger (and broader) than should be expected if the band were 
1. c. K. Jprgensen, Acta Chem. Scand., 9, 717 {1955). 
2. L. E. Orgel, Quart. Rev., 8, ~22 {19~). 
3. F. s. Dainton, J. Chem. Soc., 1533 (1952). 
~. L. E. Orgel, "An Introduction to Transition-Metal Chemistry: Ligand 
Field Theory", Methuen and Co., Ltd., London and New York, 1960, 
pp. 99-102. 
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due to spin-forbidden transitions to higher doublet states of Co(II). 
(It will be recalled that no higher-energy quartet states arise from the d7 
configuration; quartet states ~ arise, however, from other configurations, 
such as 3d6Ls.) It therefore seems possible that the broad band in the 
Co(II) spectrum can be shown to arise from a 3d --+ Ls transition, in 
which the Ls orbital is very much delocalized through covalent bond formation. 
The band in the Co{III) spectrum might also prove to be a 3d --+ Ls transition, 
its enhanced intensity to be explained in terms of the greater covalent 
character of the Co(III)-0 bonds, or it might eventually be assigned to 
one of the other types of metal--+ ligand transition mentioned above. 
(rhere is no particular reason to expect the d --+ s transitions to occur at 
energies which are closely the same for the two ions.) It is noted, 
however, that other interpretations of the experimental facts are possible. 
b. Magnetic Properties 
(1) Introduction 
The determination of the magnetic susceptibility of K5[cooLw12o36]·nH2o 
has been described in Chapter V, and the temperature dependence of 
susceptibility is illustrated in the graph of Fig. V-L. Susceptibility 
data are also tabulated in the Appendix. The TIP for tetrahedral Co(III) 
(a 5E ground state) is given by LNp2/10 Dq, and thus is smaller than the 
TIP for tetrahedral Co(II) both because of the difference in numerical 
factor {L instead of 8) and because the separation of ground and first 
excited states is larger for Co( III). The magnitude of the error which 
may be introduced into the estimate of TIP by errors in the estimation 
of 10 Dq is thus relatively small. Morevoer, since the measured susceptibil-
ities for the Co(III) complex are more than 35% larger than those for the 
Co{II) complexes, the relative error introduced into the determination of 
the several magnetic constants by errors in estimation of both TIP and tS 
is smaller than in the Co(II) complexes. The estimated Weiss constant, 
-1.1°K., is therefore probab~ accurate to within! 0.5°, and the value 
of ~eff (5.07 B.M.) is probab~ accurate to within 1/2%. 
(2) Orbital Contribution 
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It has previously been shown that no orbital contribution is 
associated with an orbital doublet ground state, but that spin-orbit 
coupling between levels of the same symmetry in the 5E and 5T 2 states 
allows introduction into the ground state of some orbital angular momentum 
from the upper states. The effective magnetic moment is then predicted 
to be P.eff • P.~tf(l- 2?.'/hv) (Eqn. V-6). The free-ion value of ;1. is 
unknown, but in general for any transition metal ion M(III) is somewhat 
larger than ~ for the isoelectronic metal ion M' (II). Since A for 
Fe(II) is -101 em. -l, the value of ,\ tor Co(III) is not a smaller 
negative number than -100 em. -l, but the trend in values of ?tM(III)/A.M1 (II) 
tor 3d electrons is such1 that ;1. tor Co(III) may be of the order of 
-130 em. -l. 
Since ~ is small and hV large for tetrahedral Co(III), only a small 
orbital contribution is expected. The data verify that prediction. The 
effective magnetic moment is 5.07 B.M., compared to a spin-only value 
of L.90 B.M. This may be compared with the large orbital contribution of 
octahedral spin-free Co(III) in K3CoF6 (Section A, part 2 above), where 
the orbital triplet groum state retains orbital angular momentum in the 
crystal field. 
(It is to be pointed out that the value of Jleff (and of g •) quoted 
above was computed on the basis of the Curie-Weiss law, i.e., 
1eft. 2.839[~M(T-e)] 112 • It has been argued2 that incorporation of e 
1. D. s. McClure in •Solid State Physd.ts", Vol. 9, F. Seitz and D. Turnbull, 
Editors, .A.cademic Press, New York and London, 1959, p. L28. 
2. B. N. Figgis and R. S. Nyholm, J. Chem. Soc., 1959, 331. 
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into the calculation of Peff is justified only when it has been verified 
that 9 arises from the presence of antiferromagnetic interactions, but 
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not when 9 is an empirical constant arising because of a non-simple energy 
level scheme. Since the proper values of Jleff (calculated from the equation: 
Pe££ • 2.839[tMT]1/~differ from the constant value quoted above by less 
than 1% at liquid nitrogen temperature, the difference is not important 
for the estimation of the general magnitude of the orbital contribution. 
The difference would be important, of course, in inferring the ground 
state structure from the magnetic properties.) 
It is unfortunately not possible to estimate the reduction in the 
free-ion spin-orbit coupling parameter from currently available data. Not 
only is the free-ion value of ~ unknown, but the effective value in the 
heteropoly complex cannot be determined within meaningful limits. The 
latter is true because Eqn. V-6 represents a simplification of the actual 
situation for this compoum (e.g., Jleff is really a function ofT), but 
also because the value of hv required in Eqn. V-6 is the separation between 
the ground level and the particular level (or levels) of 5T2 with which 
it is mixed. The components of the 5T2 band were not assigned, am it 
will be recalled that there was "'50% difference between the lowest and 
highest components. Substitution of the value for the lowest of the 
components leads to an estimated ~· of -113 cm.-1, which represents at 
most a small reduction in ~. 
(3) Effect of Crystal Field Distortion 
As illustrated in the diagrams of part L-a( 1), either of the two 
tetrahedral field distortions which may pertain in crystalline 
K5[CoOLW12o36]•nH20 removes the orbital degeneracy of the 5E term and 
lowers the orbital degeneracy of the 5T2 term. In the first approximation 
considered above, the only effect of spin-orbit coupling is to introduce 
some orbital angular momentum into the ground state from the upper levels. 
In the second approximation, however, it has been shown1' 2 that spin-orbit 
coupling can remove the spin degeneracy of the singlet ground state in a 
distorted field, thus producing a zero-field splitting (Fig. V-lb, am 
Chapter v, Section A). This in turn causes the susceptibility to deviate 
from simple Curie law behavior, and also introduces anisotropy into the 
ground state. The mean value of g' {as given by susceptibility measure-
ments on powders) is of course unchanged from that implied by Eqn. V-6, 
g' • 2(1 - 2 'l\.'/10 Dq), but the anisotropic g values are given by2-h: 
g
11 
• 2[1 - (2 ~ 2) 'A'/10 Dq) 
gJ.. • 2[1 - {2 ; 1) 'A'/10 Dq], 
in which the upper set of signs applies When the dx2-y2 orbital is lower 
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in energy, and the lower set applies when the dz2 orbital is lower in 
energy. (The Z-axis is taken as the axis of elongation of the tetrahedron.) 
A simplified expression2 describes the effective magnetic moment as a 
function of g11 , gl., and x (x • o/la, where 6 measures the zero-field 
splitting of the ground state; see Fig. V-lb), when x << 1: 
2 2 2 Jleff • 2g 11 ( 1 - 7x/5) - 2gl. ( 2 - 7x/5) • 
For plausible values of g and x, the equation predicts that 'Jleff iooreases 
slightly with increasing temperature {leading to a negative value of e) 
for dx2_y2 lower, but decreases slightly with increasing temperature 
(positive e) for dz2 lower. Siooe the tetrahedron is known to be elongated, 
the dx2-y2 orbital must be below the dz2 orbital in energy, and a negative 
e is expected. The fact that a negative e is observed corroborates the 
supposition that the deviation from simple Curie law behavior arises from 
1. J. s. Griffith, Trans. Faraday Soc., 56, 193 (1960). 
2. B. N. Figgis, Trans. Faraday Soc., 5b,l.553 ( 1960) • 
3. W. Low, •Paramagnetic Resonance in ~lids", Suppl. 2 of "Solid State 
Physics", Academic Press, New York, 196o, p. lOhff. 
h. A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London), A205, 135 (1951). 
the Jahn-Teller-iiXluced distortion of the crystal field. It would not 
have been reasonable to assume, for example, that there is a small 
antiferromagnetic interaction between Co atoms in the crystalline Co(III) 
complex, but no interaction between Co atoms in the isomorphous Co(II) 
complex. 
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The difference between the values of leff at room temperature am at 
liquid nitrogen temperature is of the order of 1%, in:iicating that cf is 
probably several cm.-1 in magnitude. It is not practical to attempt to 
evaluate cf from those susceptibility measurements carried out down to 
liquid nitrogen temperature, since the calculation is tedious an:i the value 
of cS is sensitive to small experimental errors. It would be useful to 
extend the measurements into a lower temperature range. A secord useful 
approach to the determination of o is through a paramagnetic resonance 
study, which would make possible a better estimate of the magnitude of the 
spin-orbit coupling constant for the complex, and could also reveal the 
specific symmetry of the crystalline field. Even in the absence of such 
data, the general features of the theory for the magnetic behavior of a 
substance with a 5E ground state in an axially distorted field appear to 
have been verified, and the magnetic properties of the [co+3oLw12o36]-5 
have been interpreted to be consistent with the other data collected for 
the anion and its Co(II) isomorph. 
5. Oxidation-Reduction 
The experiments which made possible the approximate evaluation 
of the oxidation potential of the 12-tungstocobaltoate - 12-tungstocobaltiate 
pair have been described in Section C of Chapter IV. The experiments were 
of two kinds, those aimed at determination of the formal oxidation 
potential in 0.5 M H~L' an:i those aimed at determination of the standard 
oxidation potential. 
The formal oxidation potential was estimated by potentiometrically 
titrating heteropoly electrolyte solutions ("-'0.0025 M with respect to 
heteropoly electrolyte) with several oxidizing and reducing agents in 
solutions which were ,..,Q.l N with respect to titrating agent. (All 
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solutions were also 0.5 M in sulfuric acid.) The results of those titrations 
indicate a formal oxidation potential in 0.5 M Hz504 of -1.074 volts 
(average for three different redox reagents). The potentiometric titration 
of a solution containing [co•2o4w12o36J-
6 with KMr04 solution at elevated 
temperatm-e (58°C.) indicates that the formal oxidation potential becomes 
more positive at higher temperatures. 
Only preliminary measurements were made in a series of experiments 
designed to lead to evaluation of the standard oxidation potential. The 
experiments involved measurements of the potentials of increasing~ dilute 
aqueous solutions containing a fixed concentration ratio of [co+3o4w12o36J-5 
and [co•2o4w12o36]-6. The concentration ratios employed in the experiments 
were 1.0 and 1.5, and the concentrations of the successive~ diluted 
solutions ranged from above 1.0 x lo-2 M to less than 4.0 x lo-5 M in each 
heteropoly electrolyte. Extrapolation to infinite dilution of the two 
curves of potential vs. Vji (}1 • ionic strength) leads to a preliminary 
estimate of -1.00 v. for the standard oxidation potential. The slope of 
the curve is the same as that predicted by Debye-H!ckel theory for 
)l<-0.01. 
The value deduced for the standard oxidation potential is subject to 
uncertainties arising from several sources: (a) The concentrations of 
the solutions with respect to the two heteropoly anions were not known 
with high accuracy because the compounds used in these studies had not 
been thoroughly analyzed. (b) Partial analyses irrlicated that the samples 
were not so pure as those (prepared later) which were used for other work 
reported in this dissertation. (c) The solutions on 'Which measurements 
were made contained varying concentrations of hydrogen ion, derived from 
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the acid-salt of the 12-tungstocobaltoate anion. The presence of hydrogen 
ions can alter the potential both because the two heteropoly anions derive 
from only moderately strong acids, for which the last dissociation constants 
are probably not equal, and by virtue of the possibly significant effect 
of H• ions on the activity coefficients of the heteropoly anions. These 
effects should be minimized at very low concentrations. (d) The electro-
chemical cell involved a liquid junction between the solution in the 
measuring cell and the solution in the reference electrode. In an effort 
to minimize the potential arising from that junction, a salt bridge 
containing nearly-saturated KN03 solution was interposed. Subsequent 
studies conducted by measuring the potential for one of the sample 
solutions with each of three different types of salt bridge (each 
containing nearly-saturated KN03 solution) revealed that the potential 
determined with the salt bridge used in the dilution studies was 0.016 v. 
and 0.021 v. more positive than those determined with the other two salt 
bridges. The difference in potential appeared to increase slightly for 
more dilute sample solutions. 
The error deriving from the liquid junction am the use of the salt 
bridge is probably the largest single error. Partial chemical analysis of 
the two heteropoly salts indicated that the assumed concentrations may 
have been 2 - L% high. Since the measured potential depenis on the ratio 
of the two anion concentrations (F..qn. IV -L) , the uncertainty in concen-
trations may introduce (a) a constant error of up to 1-2 mv. into all of 
the calculated potentials, from the term involving ratio of concentrations, 
am (b) a small and diminishing error, which should approach zero at 
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infinite dilution, from the term involving the ratio of activity coefficients. 
The error introduced by the presence of hydrogen ions should also diminish 
with increasing dilution. Solely on the basis of the preliminary experiments 
described above and in Chapter IV, it would appear that the uncertainty 
in the estimate of the standard oxidation potential is at least 0.02 volt. 
The type of salt bridge, or even the presence of a salt bridge, 
appears to have less effect on the formal potential determined in 0.5 M 
H2SOL solutions. (See discussion in Chapter IV, Section C, part 5.) Since 
this point has not been firmlJ established, however, an uncertainty of 
!' 0.02 v. has been allowed in the value of the formal oxidation potential. 
There are several interesting features about the redox behavior of 
the tetrahedral cobalt species. By comparison with the [Co(H20) 6r+
2 
-
[Co(H2o) 6]+3 system, for which the oxidation potential is
1 
-1.8L v., the 
heteropoly structure provides a larger relative stabilization of Co(III) 
(compared to Co(II)) than does the hexaquate environment. Moreover, 
because of the relative magnitudes of the heats of solution for the Co(II) 
and Co(III) species in each pair of complexes, the relative stabilization 
(of Co(III) over Co(II)) produced by the formation of the L-coordinate 
heteropoly complexes, relative to the stabilization produced by the 
formation of the hexaquate complexes, is even greater than is apparent 
from comparison of the 4H values for the two oxidation reactions in 
aqueous solution. This is shown by the following analysis. 
For the reaction: [Co(H2o) 6J+2.aq + H+•aq ~ [Co(H2o) 6]+3.aq + l/2H2(g), 
.6F0 • -nFE0 • + L2.5 kcal./mole, and Mi0 • + 37 kcal./mole2• 6H0 is given 
by the difference in the heats of formation (AHf) for the two hexaquate 
ions in solution from the elements in their standard states at 298°K. 
1. W. M. Latimer, "Oxidation States of the Elements and Their Potentials in 
Aqueous Solutions," Second Ed., Prentice-Hall, Inc., New York, 
1952, pp. 210-2lL. 
2. P. George and D. S. McClure in "Progress in Inorganic Chemistry", Vol. I, 
F. A. Cotton, Editor, Interscience Publishers, Inc., New York, 1959, 
n_ 1.1~-
as zero 
(The convention of taking AHf am AF f of H+ in aqueous solutionAis also 
followed.) The values of AHf for the Co(II) and Co(III) hexaquates have 
been reported1 as -16 and +21 kcal./mole, respectively. 
For the Co(II) - Co(III) heteropoly anion system, the standard 
oxidation potential relative to the hydrogen electrode was estimated to 
be -1.00 v. Thus, for the reaction: 
[co•2o~w12o36]-6•aq +H•·aq ~ [co•3o~w12o36]-5•aq + l/2H2(g), 
AF0 ~ + 23.1 kcal./mole. Knowledge of the temperature coefficient of 
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the potential would make possible estimation of AH0 for the reaction, by 
application of the Gibbs-Helmholtz equation: -nFTdE/dT • Tr.S • -nFE - t.H. 
The dependence of E0 on temperature was not studied, however, butthe 
performance of one potentiometric titration in 0.5 M H~~ solution at 
elevated temperature revealed that the potential, measured with respect 
to a 0.1 N KCl - calomel electrode, was more positive at the higher 
temperature. (Eobs(25°c.) •-0.7~lv.; Eobs(58°C.) •-0.718v.) I! 
the observed EMF 1 s are corrected for the potential (and the slight 
temperature dependence) of the calomel electrode relative to the normal 
hydrogen electrode, and if it is assumed (a) that the observed increase 
arose solely from the temperature-dependence of the measured cell and not 
from any temperature variation in the effect of the salt bridge, and 
(b) that d~ 1/dT is linear over the temperature interval, then AS for the 
reaction is +17.5 cal./deg., and TAS • + 5.2 kcal. Clearly this is only 
an "order of magnitude" calculation, both because of the nature of the 
assumptions made in the calculation and because TAS0 is not expected to 
equal TAS calculated from measurements for the reaction in 0.5 M H2SO~ 
solution. Examination of thermodynamic data2 for similar oxidation 
1. P. George and D. s. McClure in "Progress in Inorganic Chemistry", Vol. I, 
F. A. Cotton, Editor, Interscience Publishers, Inc., New York, 1959, 
p. ~16. 
2. "Selected Values of Chemical Thermodynamic Properties", Natl. Bur. 
Stamards (U.S.) Circ. 500, Washington, D. c., 1952. 
reactions involving complexes of transition metal ions indicates that the 
T6S term is usually small, so the estimated value is not unreasonable. 
Therefore, for the oxidation reaction involving the heteropoly anions in 
aqueous solution, oH0 = +28 kcal./mole. 
In order to compare the energy changes involved in the processes of 
complex formation, it is necessary to separate the effects of solvation 
from the 6.H0 values given above. There seems to be at present no 
completely reliable w~ of estimating the heats of solution of ions in 
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water. Numerous objections have been raised to the use of the Born charging 
equation1, but it appears to give estimates of the correct order of magnitude 
for many simple cations2• For aqueous solutions at 250C., the equation 
may be given as bHsoln • -167 z2/R kcal./mole, where z is the charge of 
the ion, and R (in i) is the effective radius of the ion in solution. By 
assuming, as do George and McClure3, that the radii of the hexaquates may 
be approximated as the sum of the ionic radii of the cations and the 
diameter of the water molecule (2. 76 i), the following AHsoln values are 
calculated: [Co(H2o) 6]+2, -193 kcal./mole; [Co(H2o) 6]+3, -448 kcal./mole. 
Both values are probably considerably overestimated, but they are given 
in order to illustrate that the order of magnitude of the heat effects can 
be quite large, and that the heat of solution for the Co(III) species is 
much larger than that for the Co(II) species. In the case of the heteropoly 
anions, estimation of the heats of solution is more problematic. It has 
been reported4 that the isostructural 12-tungstosilicate ion (-4 charge) 
is essentially unsolvated in water, and has a hydrodynamic radius of 5.6 .i, 
1. M. Born, z. Physik, 1, 45 (1920). 
2. S. Glasstone, "Introouction to Electrochemistry", D. Van Nostrand Co., 
Inc., New York, 1942, p. 249. 
J. P. George and D. s. McClure in "Progress in Inorganic Chemistry", Vol. I, 
F. A. Cotton, Editor, Interscience Publishers, Inc., New York, 
1959, p. 458. 
4. T. Kurucsev, A.M. Sargeson and B. 0. West, J. Phys. Chem., ~' 1567 (1957). 
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in good agreement with the value calculated from the molar volume1• The 
same is probably true of the 12-tungstocobaltates. If so, then AHsoln would 
be small for both ions. It would be expected that, whatever the actual 
magnitude of the values, AHsoln for [CoO~w12o36r6 would be a larger 
negative number than AH soln for [ CoO~w12o36] -.5. It is clear then that 
in the absence of solvation effects, AH for the oxidation of Co(II) 
hexaquate would be much larger than 37 kcal./mole, while AH for the 
oxidation of the Co(II) heteropoly anion would have a maximum value of 
28 kcal./mole. 
For both of the oxidation reactions above (that involving the hexaquate 
complexes and that involving the heteropoly anions), the AH values can be 
broken down into the algebraic sum of several difference terms: (a) the 
difference between the heats of preparation of co+3(g) and Co+2(g) from 
pure Co metal; (b) the difference between the heats of formation of the 
gaseous complex ions from the gaseous metal ions and the gaseous ligand 
groups; (the change of enthalpy for this gas phase reaction is called 
AHlig' to distinguish it from AHf, the heat of formation of the complex 
with a different set of reference states) and (c) the difference between 
the heats of solution of the Co(III) and Co(II) complexes. 
Consideration (immediate~ above) of the relative heats of solution 
(difference term (c)) showed that the difference between the AH values for 
the two reactions in absence of solvation effects is considerably larger 
than that observed when the reactions are carried out in aqueous solution. 
Since the difference term (a) is involved in both oxidation reactions, 
it is evident that the difference between the AH values for the two gas 
phase reactions must directly reflect the difference between the relative 
1. M. c. Baker, P. A. ~ons and S. J. Singer, J. Am. Chem. Soc., 11' 
2011 (19.5.5). 
stabilization of Co(III) produced b,y the anionic heteropoly environment 
and the relative stabilization produced b,y the upcharged hexaquate 
(. [ +3 ]-5 [ +2 ]-6.. environment - i.e., - .t~Hlig Co oLw12o36 - AHlig Co OLw12o36 -, » 
-(t.Hlig[Co(H2o)6]+J- AHlig[Co{H2o) 6]+2). This would be predicted from 
aqy consideration of simple electrostatics, but it is interesting to see 
to what extent the difference may be affected by differences in crystal 
field stabilization energies (hereinafter to be referred to as CFSE•s). 
t.Hlig for aqy transition metal complex M+mtn(g) represents the sum 
of three energy terms: the large ~-L interaction energy, the smaller 
energy of L-L interactions, and the CFSE (the energy of inner d-electrons 
relative to the energy they would have possessed in absence of crystal 
field splitting). The CFSE 1s, in units of Dq, may be deduced from the 
splitting diagrams for the transition metal ions in fields of various 
s.y.mmetries. For spin-free configurations of the 3d-electrons, the CFSE•s 
for cobalt are given below. The actual stabilization energies may then be 
-CFSE Dq -CFSE 
(Dq units) (em. -1) (kcal./mole) 
co+2(tet) 12 LBL1 16.5 
co•3(tet} 6 soo1 13.7 
co+2(oct) 6-8 9702 19.L 
co+3(oct) L 
deduced from the spectroscopic Dq values. The calculation is straight-
forward for the first three cases listed, but somewhat more difficult for 
co+3(oct.), which occurs in the spin-paired configuration in [Co(H2o) 6]+3. 
In that case, the CFSE is given b~ 2LDq - 5B - Be, where (5B + 8C) 
represents the pairing energy. For the hexaquate, Dq may be taken as 
1. This work. 
2. c. K. J,kgensen, Reports of the lOth Solvay Conference in Chemistry, 
Brussels, 1956, pp. 355-385. 
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J. P. George and D. S. McClure in "Progress in Inorganic Chemistry", Vol. I, 
F. A. Cotton, Editor, Interscience Publishers, Inc., New York, 
1959, p. LOJ. 
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19~0 cm.-1. On the assumption that C • ~B, J~rgensen1 has interpreted the 
spectrum of [Co(H2o) 6]+3 and deduced that B • 670 cm.-1. Taken together, 
these values indicate a CFSE of 62 kcal. Alternatively, Griffith and 
Orgal2 have estimated the total pairing energy for Co(III) as L2,000 cm.-1, 
leading to an estimated CFSE of 13 kcal. An entirely independent approach 
is to assume that, since the ground state is indeed spin-paired though 
near the "cross-over point 11 , the CFSE must be greater {by perhaps 5 kcal)) 
than the CFSE of the spin-free configuration in a crystal field with the 
same Dq. That calculation predicts CFSE • 27 kcal. Other authors~'5, 
basing their estimates in part on spectroscopic data and in part on thermo-
dynamic data, give values of L0-~8 kcal. for the CFSE of [Co(H2o) 6 ]+3• The 
spread of values is vary wide, but in general it is clear that the CFSE 
for octahedral Co(III) is considerably larger than that for octahedral 
Co(II), and thus provides additional stabilization for Co(III) in the 
haxaqua.te system. On the other hard, the CFSE•s for the two heteropoly 
complexes are nearly equal. Thus while CFSE contributes to the stability 
of both heteropoly complexes, it does not favor the Co{III) complex. 
Therefore the additional stabilization of the Co(III) heteropoly anion, 
evidenced by the oxidation potential, must be accounted for in terms of 
the energy of the Co-O interaction. 
An interesting analysis of the importance of CFSE's as a driving 
force in the oxidation of aquated divalent transition metal ions has been 
1. C. K. Jprgensen in "Solid State Physics", Vol. 13, F. Seitz and D. 
Turnbull, Editors, Academic Press, New York, 1962, p. ~25. 
2. J. s. Griffith and L. E. Orgel, Quart. Rev., 11, 381 (1957). 
3. L. E. Orgel, 11An Introduction to Transition-lo{'iE'al Chemistry: Liga.n.1 
Field Theory", Methuen and Co., Ltd., London and New York, 
1960, p. 15. 
~. P. George and D. s. McClure in "Progress in Inorganic Chemistry", Vol. I, 
F. A. Cotton, Editor, Interscience Publishers, Inc., New York, 
1959, pp. ~18-Ll9. 
5. F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Reactions", John 
Wiley and Sons, Inc., New York, 1958, p. 57. 
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made by George and McClure1 • Their argument can be outlined as follows. 
For the reaction: 
6F0 • ~Ha{+3) - ~~(+2) + I 3 - T[S(+3) -5(+2)] - TAS + / ( ) (VI-3) H •aq-12H2 g 
I 3 is the third ionization potential of the metal, and the two A~ terms refer 
to the reactions: M+n(g) + ne- + nH•·aq ~ n/2H2(g) + [M(H2o) 6)-+n•aq. 
In the absence of crystal field effects, [6HH(+3) - AHH(+2)] should 
vary but little, and monotonically, across the transition series. Like-
wise, except for very small variations in entropy, arising from the 
differences in d-electron configurations and ground state degeneracies, 
the [5(+3) - S(+2)] term should vary monotonically across the series. The 
TAS term (for the change of state or hydrogen) is constant. Therefore, 
the variations in .6F0 (and in ~) should be governed mainly by I 3, but 
should be modified by the difference between the CFSE' s for the aquated 
metal ion in the two different oxidation states. By plotting (as a function 
of atomic number) the experimental values of AF0 , and the AF0 values 
corrected by addition ·or the estimated term [CFSE( +3) - CFSE( +2)], George 
and McClure showed that in all cases for which the requisite data were 
available, the variation in the corrected AF0 values follows the variation 
in r 3 remarkably well. 
The excellent agreement in their results not only supports their 
assumptions, but indicates that any systematic variations in energy terms 
with atomic number either are very small or partially cancel. In view of 
\his, it appears reasonable to reverse their argument, and to apply it to 
the prediction of ionization potentials for other 12-tungsto heteropoly 
1. P. George and D. s. McClure in "Progress in Inorganic Chemistry", 
Vol. I, F. A. Cotton, Editor, Interscience Publishers, Inc., 
New York, 1959, pp. ~17-~20. 
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anions of the transition metals. Some of these are as yet unknown, but 
heteropoly complexes with this structure have just recently been reported 
for Cu{II) 1, Zn(II) 2, Cr(III)3, Fe(III)~, and Mn(IV)5. It has been 
reported5 that the 12-tungsto complex of Mn( II) could not be prepared f'rom 
its substituents, but earlier work6 imicates that a 12-tungsto complex 
of' Mn(III) may exist. 
On the basis of the assumptions described above, Eqn. VI-3 may be 
rearranged to: AF0 - [CFSE( +3) - CFSE( +2)] - I 3 • K. Upon substitution 
of' the 6F0 and CFSE values derived in this work f'or the 12-tungstocobaltates, 
ar:rl of the value of I 3 f'or Co (corrected as described by George and 
McClure7), K f'or the 12-tungsto complexes is estimated to be -752 kcal./mole. 
(The corresponding value f'or the hexaquo complexes is -702 kcal./mole.) 
The values of' I 3 for all of the first transition series metals have been 
tabulated7. The CFSE's in Dq units may be estimated from the splitting 
diagrams for the various spi~f'ree configurations of 3dn in tetrahedral 
fields. In the absence of spectroscopic data for the evaluation of' Dq, 
reasonable approximations m~ be obtained by taking ~/9 of the Dq for the 
corresponding hexaquate, as has been indicated by the spectroscopic Dq 
values reported herein f'or the two 12-tungstocobaltates. {Dq values for 
most of' the transition metal hexaquates have been estimated8.) 
The results of this calculation are tabulated below. The units are 
kcal./mole for all of' the terms except ~, which is given in volts. The 
1. D. H. Brown and J. A. Mair, J. Chem. Soc., 1962, 39~6. 
2. D. H. Brown and J. A. Mair, J. Chem. Soc., ~' 2591. 
3. D. H. Brown, J. Chem. Soc., 1962, 3322. ----
~. D. H. Brown and J. A. Mair, T."'"'mlem. Soc., 1962,1512. 
5. D. H. Brown, J. Chem. Soc., 1962, ~~08. ----
6. J. A. Mair and J. L. T. Wa~. Chem. Soc., 1950, 2372. 
1. P. George and D. S. McClure in "Progress in InOTg"anic Chemistry", 
Vol. I, F. A. Cotton, Editor, Interscience Publishers, Inc., 
New York, 1959, p. ~16. 
B. D. s. McClure in "Solid State Physics", Vol. 9, F. Seitz and D. 
Turnbull, Editors, Academic Press, New York, 1959, p. ~26. 
CFSE's for Co(II) and Co(III) have been estimated in the same w~ as for 
the other transition metal ions, rather than on the basis of spectroscopic 
Dq's estimated in this work. 
Metal !3 -CFSE(+3) -CFSE(+2) AFO Eo 
(corr.) (est 1d) {est 1d) (est 'd) (est 1d) 
Cr 715.5 15.6 6.0 -L6.1 +2.0 
Mn 779.5 10.6 o.o +16.9 -0.73 
Fe 706.6 o.o 7.6 -37.8 +1.6 
Co 772.6 1L.5 lL. 7 +20.8 -0.90 
Ni 827.2 23 7.6 +59.3 -2.6 
Cu 851.7 13 6.L +92.6 -L.o 
Zn 919.8 8 o.o +160 -6.9 
On the basis of the estimated E0 values, it is predicted that (a) the 
additional stabilization of the +3 oxidation state is insufficient to 
allow oxidation of the heteropoly Cu(II) (or Zn(II)) complex in aqueous 
solution; (b) Should it prove possible to prepare a 12-tungstonickeloate 
complex, the anion should not be oxidizable to an isomorphous Ni(III) 
complex in aqueous solution (although oxidation to an isostructural 
Ni(IV) species is not precluded); (c) if the Mn(III) complex does exist, 
its reducibility in aqueous solution should provide a route to the 
preparation of Mn(II) isomorph, even though the direct synthesis of the 
latter compound may be impossible; and (d) the Fe atom in the Fe(III) 
heteropoly complex and the Cr atom in the Cr(III) complex should be very 
stable with respect to reduction to the +2 oxidation state. Since the 
tungstate framework of many heteropoly tungstates may be reduced to 
"heteropoly blues" by reducing agents with oxidation potentials more 
positive than N-0.2 volts (S02, SnClL•, Sb, Cu, Fe, etc.), this leads 
to the prediction of the possible existence of novel compounds, in which 
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an iron or a chromium atom in +3 oxidation state is surrounded by a highly 
oxidizable heteropoly blue environment. 
39.5 
Two other distinctive features of the redox behavior of the 12-tungsto-
cobaltate system are its rate and its thermodynamic reversibility. Its 
reversibility has been experimentally demonstrated in two ways: (a) The 
potentiometric titration results with different oxidizing and reducing 
agents showed that the oxidation potential is the same for both oxidation 
and reduction reactions. (b) The shapes of the curves for the titrations 
performed with polarized electrodes are characteristic1' 2, respectivelY, 
for titrations of a reversible redox system with a second reversible s.ystem 
(titration of [co•3obw12o36J-.5 with Fe+2•aq, Fig. III-1), and for titrations 
of a reversible redox system with a second (polarographically) less 
reversible system (titration of [co•2obw12o36)-6 with Ce{IV), Fig. III-2). 
This reversibility is in direct contrast to the behavior of most octahedral 
complexes of cobalt, for which E0 values are usually not obtainable from 
direct EMF meast~rements but must generally be calculated from other data, 
such as solubility measurements or stability constants3. 
In perhaps greater contrast to the behavior observed for octahedral 
Co complexes is the redox rate for the tetrahedral Co complexes. With 
the three redox reagents used, the redox reaction is complete at room 
temperature in the time of mixing. This behavior may be compared to that 
observed with octahedral Co heteropolY complexes. While the formation of 
Co(III) heteropoly species may frequently be accomplished with milder 
oxidizing agents than those required for the oxidation of Co in the 
tetrahedral 12-tungsto complex, the oxidation reactions usually proceed 
slowly and frequently require elevated temperatures. (The same may be 
said for the formation of most normal coordination complexes of octahedral 
1. C. N. Reilley, W. D. Cooke and N.H. Furman, Anal. Chem., 23, 1223 (19.51). 
2. P. Delahay, "New Instrumental Methods in Electrochemistry"-;-Interscience 
Publishers, Inc., New York, 19.5b, pp. 2.5b-2.58. 
3. W. M. Latimer, "Oxidation States of the Elements and Their Potentials 
in Aqueous Solutions", Second Edition, Prentice-Hall, Inc., 
New York, 19.52, pp. 210-2lb. 
Co(III) .) Attempts to reduce octahedral Co( III) in heteropoly anions 
usually leads to decomposition of the anions, or to reduction of W or Mo 
atoms. 
The factors to which slowness of electron transfer reactions may 
generally be attributed are those involving the existence of high energy 
barriers1 and those involving accessibility of the reacting atoms to one 
another2,3. Considerable emphasis has been placed on the interpretation 
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of reaction rate data in terms of the high activation energies accompaqying 
reactions in which a large change of molecular dimensions occursLS. It 
has been reasoned, for octahedral complexes, that reactions involving 
transfer of eg electrons should have higher activation energies than 
those involving transfer of t 2g electrons, since the transfer of an electron 
from or into an anti-bonding eg orbital has a greater effect on ionic 
radius and hence causes a much greater reorganization of bond lengths. 
It is on this basis, for example, that the relative slowness of direct 
electron exchange reactions in most Cr(II)-Cr(III) ~stems, and the relative 
rapidity of electron exchange reactions in most Fe(II)-Fe(III) systems, 
have been rationalized3. (In the cases of most octahedral Co(II)-Co(III) 
~tems, the activation energy is further increased because of the change 
in spin multiplicity accompa~ng electron transfer.) It is evident that 
this obstacle to rapid electron transfer is not present for tetrahedral 
Co(II)-Co(III) ~stems, since the transferred electron comes from a non-
bonding a-orbital. 
That factor alone, however, would not account for the rapid redox rate 
unless it were also possible for the transferred electron to pass rapidly 
1. W. F. Libby, J. Phys. Chem., 56, 863 (1952). 
2. H. Taube in "Progress in Inorganic Chemistry and Radiochemistry", Vol. I, 
H. J. Emeleus and A. G. Sharpe, Editors, Academic Press, Inc., 
New York, 1959, pp. 1-53. 
3. L. E. Orgel, 11An Introduction to Transition-Metal Chemistry: Ligand 
Field Theory", Methuen and Co., Ltd., London, 196o, p. 109ff. 
L. A. W. Adamson, Rec. trav. Chim., 75, 809 (1956). 
5. L. E. Orgel, Reports of the loth SOlvay Conference in Chemistry, Brussels, 
., nrl / ""n- -.Jl 
from the donor orbital through the tungstate structure to the acceptor 
orbital. Thus, for example, fast electron exchange is frequently observed 
when the reactant atoms are separated by a single atom, or by a conjugated 
system of atomsl, 2• This suggests that the W-0 framework must serve as 
an excellent "conductor" for electrons. Numerous kiros of iroependent 
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evidence can be adduced in support of this new postulate concerning the 
•conductivity" of the heteropoly 12-tungsto structure. In addition to the 
evidence that the central Co atom can be rapidly oxidized or reduced by 
reagents which cannot directly contact the central CoOL tetrahedron, the 
following arguments can be presented: 
(a) Analysis of the crystal field spectra of both of the 12-tungsto-
cobaltates indicates that the Racah parameters are very much reduced 
below the free-ion values, and are indeed reduced below the values for 
some analogous CoOL complexes. The reduction appears to be particularly 
marked in the case of the Co(II) complex, and has been interpreted in terms 
of covalency and considerable de localization of the Co atoms' 3d-electrons 
onto the ligand atoms {part 3-a above). 
(b) A strong band in the visible portion of the spectrum of the 
Co(III) heteropoly complex has been identified as a charge-transfer band, 
and has been tentatively attributed to the relatively low-energy transfer 
of an electron from the metal t 2-orbital to a higher anti-bonding orbital 
composed in part of ligand orbitals. 
(c) The isostructural [ Si0Lw12o36]-L anion can be rapidly reduced to 
either of two distinct, relatively stable "heteropoly blue" 12-tungsto 
anions, by addition of either L or 5 electrons3. Both reduction products 
1. H. Taube in "Progress in Inorganic Chemistry and Radiochemistry", 
Vol. I, H. J. Emel~us and A. G. Sharpe, Editors, Academic Press, 
Inc., New York, 1959, pp. 1-53. 
2. L. E. Orgel, 11.A.n Introduction to Transition-Metal Chemistry: Ligand 
Field Theory", Methuen and Co., Ltd. , London, 196o, p. 109ft. 
3. J.D. H. Strickland, J. Am. Chem. Soc., jk, 862, 868, 872 (1952). 
may be rapidly and quantitatively reoxidized to the original anion1• The 
spectra of both reduced anions2 show very intense {3.2 <logE < 4.3) 
continuous absorption over the entire range from 10,000 to 30,000 cm.-1• 
The addition of 5 electrons cannot be reconciled with any particular 
symmetrical or predictable arrangement of reduced atoms in the structure. 
The wide frequency range of the charge-transfer spectra and particularly 
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the extraordinarily low frequencies at which the charge-transfer spectra 
are observed suggest that the additional electrons are in effect delocalized 
over the entire anion. 
(d) A possible analogy exists between the "heteropoly blues" and the 
tungsten bronzes. The latter, for which the general formula is ~wo3 
(where x < 1, and M • alkali metal, although mixed alkali-alkaline earth 
bronzes are also known), are non-stoichiometric compoums which may be 
regarded as solid solutions of Na in wo3 or of wo3 in NaWO/. They 
exhibit intense colors which vary with the sodiwn content. When x is of 
the order of 0.3-0.4, the bronzes are deep blue4• The color changes 
through red to golden yellow as x increases to 1.04• (Addition of 4 or 5 
electrons to a 12-tungsto anion correspo:rxls to an electron:W-atom ratio of 
0.33 and 0.42 respectively.) The bronzes exhibit numerous semi-metallic 
properties, including good electrical conductivity. These properties have 
been satisfactorily interpreted as arising from the essentially free 
movement of electrons in the field of the atomic cores5. 
(e) The two isomorphous 12-tungstodicobaltates (Section B below) 
exhibit Co-Co electronic interactions, some of which must occur through the 
1. J.D. H. Strickland, J. Am. Chem. Soc., 74, 862, 868, 872 (1952). 
2. Y. Shimura and R. Tsuchida, Bull. Chern. ~c. Japan, 30, 502 (1957). 
3. M. E. Straumanis, J. Am. Chern. Soc., 71, 679 (1949).--
4. H. J. Emel~us and J. s. Anderson, "Mo'aern Aspects of Inorganic 
Chemistry", Second Ed., D. Van Nostrand Co., Inc., Princeton, N. J., 
1952, p. L96ff. 
5. M. J. Sienko a:rxi T. B. N. Truong, J. Am. Chern. Soc.,~' 3939 (1961}, 
and references cited therein. 
tungstate skeleton. The structure of the dicobaltates is closely related 
to that of the monocobaltates, involving a Keggin arrangement of twelve 
W06 octahedra surrounding a central coa4 polyhedron, but containing in 
addition an extra Co(II)o6 group affixed to the exterior of the Keggin 
unit. The exact nature of the linkage between the cao6 group and the 
Keggin unit in crystals and in solution has not yet been established, 
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but the exterior and interior Co atoms are separated by at least the 
thickness of the W-0 shell, and possibly by an additional oxygen atom. 
Despite the wide separation of the two Co 1s, the magnetic measurements 
reveal low magnetic moments which have been interpreted in terms of spin 
alignment between the exterior Co(II) atom and the interior Co(II) or 
Co(III) atom. The 12-tungstocobaltocobaltiate anion in solution also 
exhibits a well-defined broad charge-transfer spectrum, the lowest band of 
which occurs just above 13,000 cm.-1• Because of the chemical and 
structural interrelationships among the four tungstocobaltates, the charge-
transfer spectrum can definitely be attributed to Co04 - cao6 interactions. 
This then constitutes additional evidence for the electron-conductivity of 
the intervening tungstate skeleton. 
B. 12-Tungstodicobaltates and 12-Tungstocobaltosilicate 
1. Formulation 
The 12-tungstodicobaltates, which represent a fundamentally new 
category of heteropoly compounds, have been the subject of intensive 
investigation1• 12-Tungstocobaltosilicate, a new anion reported for the 
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first time in this work, belongs to this category of compounds. The anions 
of this class of 12-tungsto heteropoly anions are distinguished by the fact 
that they contain two different, structurally non-equivalent "central atoms". 
On the basis of a combination of chemical, analytical, and X-ray 
crystallographic evidence, it had been concluded1 that the 12-tungsto-
dicobaltates may be represented by the empirical formula, 
[Co"'2co~12o~2]-(lO-m), where m • 2 or 3. In the discussion to follow, 
it will be shown that in the cubic K"' arxi NH~ + salts the anions are not 
discrete isolated units but are probably linked together, via coordination 
of the exterior Co atom and a system of hydrogen-bonding, into infinite 
three-dimensional polymers. The empirical formula of the anion in these 
cubic crystals therefore includes constitutional water, and is a multiple 
of the simple formula given above: [co+2co+mw12o~ 2 ·nH20]PP(lO-m), or, 
[ +2 '*111 ]-p{lO-m) 2 still better, Cooctcotetw12o~0on+if2n P • It seems probable that 
the 12-tungstocobaltosilicate anion can be represented by the same general 
type of empirical formula (upon substitution of Si(IV) for Co im). The 
formulas of the anions in solution are slightly different from those of 
the anions in crystals. 
2. Structural Considerations 
The fact that the 12-tungstodicobaltate anions in solutions are not 
1. L. c. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc.,~' ~503 (1956). 
2. This work, Chapter IV, Section F. 
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exactly identical with the anions in crystals is deduced from the evidence 
that both the crystallizations and the dissolution processes are accompanied 
by chemical changes. Crystallization of the cubic potassium or ammonium 
salt from solution, even from acidic solution, releases H+ ions1• Dis-
solution of the crystals consumes H+ ions2• When an acid-recrystallized 
salt is dissolved in pure water, hydroxide ions are released immediately 
and the pH rises above the pH of decomposition of the anion. The hydroxide 
ions then attack and slowly decompose a portion of the heteropoly complexes 
present until the pH again attains the range of pH stability for the 
complex (near pH 7). It is to decrease the extent of this decomposition 
(as well as to increase the solubility of the salts slightly) that re-
crystallization is always carried out from slightly acidic solution. In 
the presence of H+, however, a portion of the dicoba.ltate anions may be 
converted to the corresponding monocobaltate anions, with concomitant 
liberation of Co(II) ions which can be occluded when the heteropoly salt 
crystallizes). This helps to explain why the gram atomic Co:W ratio in 
the several 12-tungstodicobaltoate salt preparations described earlier is 
somewhat variable, and always larger than 2:12. 
The evidence pertaining to structural considerations for the 
12-tungstodicobalta.te anions, in crystals and in solution, is outlined in 
the following paragraphs. Some of the information has already been 
described in preceding chapters. Some of the arguments are interdependent, 
but none of the evidence contradicts the general conclusions: (a) that 
in crystals the basic structural unit of the anions is the Keggin structure 
(Figs. I-1 and VI-3); (b) that in solution the basic structural unit is, 
1. L. C. W. Baker, Doctoral Dissertation, University of Pennsylvania, 
19.50, p. 20. 
2. This work, Chapter IV, Section D, part L. 
3. L. C. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc.,~' L50J (1956). 
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or is very close to, that of the Keggin structure; (c) that the non-
tetrahedral exterior cobalt atom in both anions is surrounded by an octa-
hedral array of atoms in both solids and solution, and (d) that the 
octahedral Co06 groups are attached to the exterior of the anions in both 
solids and solutions. 
a. Tetrahedral Cobalt 
The relationship between the crystal field spectra of the 12-tungsto-
monocobaltate anions (Figs. IV-~ and IV-8) and the crystal field spectra 
of the corresponding 12-tungstodicobaltate anions (Figs. IV-12 and IV-16) 
demonstrates clearly that each 12-tungstodicobaltate anion contains one, 
but only one, tetrahedrally-coordinated Co atom. As in the monocobaltate 
anions, it is the tetrahedral cobalt atom which can be oxidized. Since 
addition of acid rapidly and quantitatively converts either 12-tungsto-
dicobaltate anion into the corresponding 12-tungstomonocobaltate anion 
(with Keggin structure) in solution, and since the Keggin structure is the 
only structure as yet known for 12-tungsto anions containing a tetra-
hedrally-coordinated central atom, the basic structural arrangement of 
the 12 W atoms around the tetrahedral central atom in the 12-tungsto-
dicobaltates must be very similar to, or the same as, the Keggin structure. 
(Further evidence for this deduction is included below.) The similarity 
of the structural units in the dicobaltates and monocobaltates is further 
indicated by the fact that the Co(III) atom in 12-tungstocobaltocobaltiate 
anion can be rapidly and quantitatively reduced in neutral solution 
(i.e., without previous conversion to the monocobaltate) by a very mildly 
acidic dilute solution of ferrous ion. (Quantitative reduction is 
apparently also effected by neutral ferrocyanide solution, but in that case 
observations are somewhat obscured by formation of a brown precipitate, 
apparently cobaltous ferricyanide, indicating some decomposition of the 
dicobaltate anions.) 
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In the absence of absorption or reflectance spectra of the crystalline 
solids, no direct comparison can be made between crystal field strengths 
an1 symmetries in solutions am in crystals. The color qualities of each 
of the two anions are the same in solids and in solutions, however, indicating 
that the structural arrangements around the two visible-light-absorbing 
atoms (the two Co atoms) are probably very similar. 
b. Octahedral Cobalt 
Single crystal and powder X-ray crystallographic work has shown1' 2 
that a compound3 tentatively formulated as K7[co+3o6(H2)o~w12o32]·nH20 
is isomorphous with (NH1) 7[co+2o~o•3o~w12o32] ·nH2o. Positions of the 
diffraction spots are virtually superimposable, and the relative intensities 
for most of the spots also correspond very closely for the two compounds. 
The spectrum of the former anion) definitely confirms the octahedral 
coordination of Co(III), and the diamagnetism of the crystalline potassium 
salt~ of that anion indicates that the Co(III) coordination is the same 
in the solid, as would be expected. On the basis of the isomorphism of 
the three anions, it can be concluded that the second Co atom in the 
two 12-tungstodicobaltate anions is octahedrally coordinated in crystals. 
This conclusion, for the coordination geometry of the exterior Co( II) atom 
in crystals, is further supported by the evidence that the magnetic 
moment of crystalline hydrated ammonium 12-tungstodicobaltoate at room 
temperature falls within the range of values predicted for a dilute, 
approximately equimolar mixture of CoO~ and CoO 6 groups (Chapter V, 
Section F; Chapter VI, Section B, part ~b). The observed magnetic moment 
1. K. Erika and M. T. Pope, Private Communication, 1959. 
2. K. Erika and M. Shibata, Private Communication, 1960. 
3. M. Shibata and L. C. w. Baker, Abstracts of Papers Presented before 
Division of Inorganic Chemistry, National Meeting, American 
Chemical Society, New York, 1960. 
L. M. Shibata and V. E. Simmons, Unpublished work. 
is outside the range expected if the second Co(II) atom were also in a 
tetrahedron. 
Because the lability of octahedral Co(II) complexes is generally much 
greater than that of the corresponding octahedral Co(III) complexes, it is 
conceivable that the coordination geometry of the Co(II)06 group in the 
crystalline dicobaltate salts might change on dissolution, even ·though 
the coordination geometry of the analogous Co(III)o6 group in isostructural 
[co•3o6(H2 )o~w12o32]-7 does not. The major evidence that the Co(II)o6 
group remains octahedral in solution comes from the crystal field spectra 
of 12-tungstodicobaltoate and 12-tungstocobaltosilicate. The latter ion, 
the spectrum of which can be interpreted in terms of a slightly distorted 
octahedral field around the Co atom (part 3 below), has been shown to 
exhibit chemical behavior similar to that of the dicobaltate anions 
(Chapter IV, Section F). This is particular~ true for reactions and 
properties characteristic of the exterior Co(II)06 group. It seems highly 
probable that the nature of the attachment of the exterior Co(II)o6 
group in the 12-tungstocobaltosilicate anion is the same as that in the 
12-tungstodicobaltates. 
It will be shown below (part ~-a) that the spectrum of 
[co•2o6co•2o~w12o32]-8 can be analyzed into bands arising from the tetra-
hedral CoO~ group and bands arising from the exterior coa6 group. The 
first set of bands is nearly identical with those observed for [CoO~w12o36]-6. 
The second set of bands is very like the crystal field spectrum of Co in 
the 12-tungstocobaltosilicate, except for a slight shift in wavenumber. 
Since both the direction and the order of magnitude of the shift can be 
correlated with the postulated Co-Co interactions in the 12-tungstodi-
cobaltoate anion (parts ~-a and ~-b below), the spectral evidence 
(a) indicates that the exterior Co{II) group in the 12-tungstodicobaltoate 
anion is octahedral in solution, as it is in the 12-tungstocobaltosilicate 
anion, and (b) len:ls further support to the postulate that the structure 
of the 12-tungstocobaltosilicate anion is the same as the structure of 
the 12-tungstodicobaltates. 
c. The Conclusion that, in Solution, Both Co Atoms Remain in the Anion 
For the 12-tungstodicobaltates, much evidence pertinent to this point 
1 has been presented elsewhere • The evidence includes observations of 
electrolytic migration behavior and of precipitation reactions, studies of 
the changes in behavior effected by addition of acid, and retention of 
characteristic color of 12-tungstocobaltocobaltiate upon extreme dilution. 
Further evidence to this point has been presented herein, including (1) the 
observation that low-energy charge transfer is detected even for very 
dilute solutions of [co+2o6co+3o~w12o32]-7 (lo-~- 10-~), a fact which 
could not be accounted for if the Co(II)o6 group were dissociated from 
the rest of the anion; (2) the fact that addition of high-capacity 
strong-acid cation exchange resins to solutions containing the dicobaltate 
anions effects only partial removal of Co(II), and does not reduce the 
gram atomic Co:W ratio below 2:12; (3) the crystal field spectra of 
solutions of the dicobaltate anions are different from the spectra of 
solutions containing equimolar mixtures of Co( II) and the corresponding 
12-tungstomonocobaltate ions; (~) addition of small amounts of 0.1 M NaOH 
solution to dilute solutions of either of the monocobaltate anions at room 
temperature causes slow decomposition of the anions and formation of a 
precipitate composed largely of hydrous cobalt oxides, whereas addition 
of small amounts of 0.1 M NaOH solution to dilute solutions of 12-tungsto-
dicobaltoate causes rapid decomposition and precipitation of CoWO~. 
In addition, many of the same types of experiments have been performed 
on solutions of the 12-tungstocobaltosilicate anion (Chapter IV, Section F). 
1. L. C. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc., 78, ~503 (1956). 
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These include electrolytic migration studies, precipitation reactions, 
experiments with cation and anion exchange resins, studies of the effects 
of added acid on electrolytic migration, precipitation, and ion exchange 
behavior, and studies of absorption spectra. The same conclusions, relative 
to the attachment of octahedral Co(II) to the anion in solution, result from 
each of these studies. 
d. Pertaining to the Possibility of a 2:11 Formulation for the 
12-Tungstodicobaltates 
These paragraphs are included mainly to illustrate the futility of 
placing too much reliance on a single type of data in work with heteropoly 
electrolytes. This is particularly true when the data are analytical 
data, a situation which arises because of the difficulties of obtaining 
pure compounds am of obtaining accurate analyses for many of these 
compounds, plus the large differences in atomic ratios which may be 
indicated by small analytical differences. 
It has been suggested to the author that the two dicobaltate anions, 
and indeed the anion tentatively formulated as [co+3o6(H2)o4w12o32]-7, 
may involve only 11 W atoms in each anion. The basis for this hypothesis 
was the evidence that the salts of the first two anions usually have a 
gram atomic Co:W ratio closer to 2:11 than to 2:12 (or 1:11 vs. 1:12 in 
the case of the third ion formulated above). For example, Preparation No. 2 
of ammonium 12-tungstodicobaltoate (Chapter IV, Section D) exhibited 
the lowest gram atomic Co:W ratio, at exactly 2:11, of the three 
dicobaltoate salt preparations. (The other two preparations had gram 
atomic Co:W ratios which can be represented as 2.28:11 and 2.08:11.) 
The hypothesis is completely at variance with other chemical evidence, 
however. For example, it has been demonstrated that after addition of 
acid, all of the cobalt in salts of either 12-tungstodicobaltate anion 
could be quantitatively accounted for in the forms of cationic cobalt 
(from the octahedral group) and oxidizable or reducible cobalt {tetra-
hedral group). It was also shown that for every preparation involving 
either anion, the gram atomic ratio of oxidizable (or reducible) Co:W 
is just 1:12. In order to correlate that evidence with a hypothetical 
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structure involving 2 Co atoms and 11 W atoms, it is necessary to postulate 
the complete dissociation of a portion of the anions and the quantitative 
formation of a smaller number of gram-ions of the corresponding 12-tungsto-
monocobaltate. While such a quantitative rearrangement seems unlikely 
under any conditions, it is particularly improbable in 0.5 M H2so~ 
solution because of theequilibria in which isopoly tungstate species may 
be involved. Furthermore, in the case of 12-tungstocobaltocobaltiate, 
the required rearrangement would involve the liberation into solution of 
1/12 of the complexed Co(III) atoms. Such a process should result in 
further oxidation of the titrant or of the solution in which the rearrange-
ment occurred. The observed redox behavior of the 12-tungstocobalto-
cobaltiate anion cannot be readily interpreted in terms of such a process. 
The high Co analyses are accounted for instead in terms of the chemical 
properties of the crystals (Introduction to Section B, part 2 above). 
While the arguments outlined above pertain primarily to the two 
12-tungstodicobaltate anior~, it seems probable that they apply also to 
the isostructural anion [co•3olH2)o~t412o32r7 (see beginning of part 2-b, 
above). The method of preparing the potassium salt of the latter anion 
usually results in a product with an atomic Co:W ratio close to 1:111• If 
it is presumed that that ratio represents the actual atomic ratio of Co:W 
within each anion, then the only possible structure consistent with the 
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X-ray evidencel is one in which an octahedral Co(ID)o6 group randomly 
1. M. Shibata, Private communication, 1960. 
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replaces an octahedral wo6 group of the Keggin structure. Several arguments 
can be marshalled against that supposition, however. 
Perhaps the most obvious argument is the close isomorphism of the 
pota.ssium salt of the anion with the potassium and ammonium salts of the 
two 12-tungstodicobaltate anions, for which a structure involving eleven 
W atoms per anion is clearly excluded. If the "1:11" anion had a simple 
Keggin structure with one Co(III) atom randomly replacing one W(VI) atom, 
its potassium salt would be expected to have a characteristically simple 
structure, such as that deduced for K5[co+3oLw12o36]·nH2o. It would be 
truly remarkable if a~ anion with the Keggin structure were to have the 
complex crystal structure exhibited by the "1:11" salt, including a cubic 
unit cell with doubled cell edge, and the same basic X-ray diffraction 
intensity pattern as that exhibited by salts of the 12-tungstodicobaltate 
anions. 
Further, the preparation of impure heteropoly salts with analytical 
"central atom": addema atom ratios close to 1:11 is fairly common. The 
literature contains various examples of anions originally classified as 
1:11 on the basis of chemical analyses, but later shown to be 1:12 
1 2 
anions ' • 
In addition to the above arguments against an anion (of 1:11 Co:W 
atomic ratio) wherein one Co(III)o6 ramomly replaces a wo6 in each 
Keggin structure, it may be noted that such a complex would represent an 
entirely new and hitherto unobserved fundamental category of compounds. 
Heteropoly anions derived by isomorphous replacement of addendum atoms 
(of isopoly or heteropoly species) by central atoms have never been 
1. J. A. Mair and J. L. T. Waugh, J. Chem. Soc., 1950, 2372. 
2. D. H. Brown, J. Chem. Soc., 1962, 3322. -
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observed. If they could occur, one would expect a great profusion of 
compounds of the sort exhibiting a large variety of atomic ratios. Such 
is quite contrary to all experience with these compounds. 
e. .I-raz Crystallografhic Evidence 
Earlier X-ray powder diffraction studies of ammonium and potassium 
salts of both 12-tungstodicobaltate anions1 had indicated a primitive 
cubic unit cell for each salt, with each cell containing only one 
12-tungstodicobaltate anion. General structural features of the complex 
were deduced from a symmetry argument1• Further powder diffraction work2 
with numerous preparations of these salts verified the main earlier 
observations, and also revealed a degree of variability in the lengths 
of the unit cell edges far ammonium salts of both anions. 
A single crystal X-ray crystallographic investigation of 
(NH~) 7[co•2o6co+3o~w12o32]•nH2o was undertaken by other members of the 
author's department3. Although not yet completed, the results of this 
study can be combined with the structural deductions from chemical 
studies (vide supra) in such a way as to elucidate a number of the 
essential features of the crystal structure. These will be described 
below. 
The single crystal work revealed what cannot be deduced from powder 
diffraction: that the true unit cell is not the primitive cell, but a 
face-centered cubic cell with cell edge a • 22.~~ R, i.e., double that of 
the primitive cell, and therefore containing 8 anions rather than 1. The 
space group is Fm3m. The powder data indicate that the arrangement of 
W atoms is cubic in each octant of the larger cell, and the dimensions of 
the octant eliminate the possibility of the Jahr arrangement~ in favor of 
I 
1. L. c. w. Baker and T. P. McCutcheon, J. Am. Chem. Soc., 78, ~503 (1956). 
2. K. Erika, s. J. Garber and V. E. Simmons, Unpublished won. 
3. K. Erika, M. T. Pope and J. H. Fangl Unpublished work. 
~. K. F. Jahr, Naturwiss., !2' 528 (19~1). 
the Keggin arrangement. To achieve the larger unit cells, it is necessary 
that the orientation of adjacent Keggin units be at right angles to one 
another in 8rr:f given plane. 
A model which fits these reqUirements is one in which eight Keggin 
units, each composed of 12 W atoms, a tetrahedral Co atom, and ~0 of the 
anion oxygen atoms, are located with their central tetrahedral Co atoms 
1 
at the positions ~c (1/~ 1/~ 1/~) and ~d (3/~ 3/11 3/~) in the cell 
(a total of 8 Keggin units per cell). The orientations of nearest 
neighbor adjacent Keggin units differ by a 90° rotation aroum the 1i axis 
of the Keggin unit. This alternation of the orientation of the Keggin 
units brings together the cube faces of the Keggin units (defined by atoms 
ACDE or AIDF in Fig. VI-3) of adjacent complexes in such a way as to form 
short channels. More significantly, the arrangement brings together, at 
alternate lattice points, either 8 re-entrant tetrahedral faces of 
adjacent units (defined by atoms ABC of Fig. VI-3), or 8 flat tetrahedral 
faces of adjacent units (defined by atoms AEF of Fig. VI-3). The 
octahedral pockets thereby formed between the tetrahedral faces of the 
Keggin units are of two different kin:is. The pockets formed by the 
re-entrant faces are considerably smaller than those formed by the flat 
faces. (With the aid of a model, it was estimated that the ratio of oxygen-
sized atoms which may be fitted, with approximately close-packing, into 
the two ld.n:js of pockets is about 1:3.) The total amount of space 
provided by the two kin:is of pockets and by the channels between the 
anions is sufficient to accommodate all of the cations, the constitutional 
water, and the water of hydration. 
The general features of this structure have been verified by Fourier 
analysis2• All of the atoms of the Keggin-structure part of the anion 
1. •International Tables for X-ray Crystallography•, Vol. I, The Kynoch 
Press, 1952. 
2. K. Erika and J. H. Fang, Private communication, 1962. 
Figure VI-3 
Packing of Oxygen Atoms in the Idealized Kegin Structm-e. 
Each circle represents an oxygen 
atom. Tungsten atoms are contained 
in octahedral pockets between the 
oxygen atoms, aJX1 the central atom 
is located in the tetrahedral pocket 
at the center of the anion. 
(Letters designate atoms referred to 
in the text.) 
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can be located (including oxygen atoms), providing further support tar 
the belief that the octahedral Co atom is attached to the exterior oxygen 
atoms of the Keggin unit. 
The most important undefined featut"e of the model described above 
is the location ot the octahedral Co atom of each anion. The crystal 
packing of the Keggin-structut"e parts of the anions allows three different 
general locations for the octahedral Co group in crystals: (1) the 
channels between nearest neighbor Keggin units (one channel between each 
pair of faces, ar three channels per Keggin unit), (2) the small re-
entrant face octahedral pockets, boumed by re-entrant faces from eight 
adjacent Keggin units (1/2 re-entrant face pocket per Keggin unit), am 
{3) the larger octahedral pockets formed by the flat faces ot eight 
adjacent Keggin units (1/2 flat face pocket per Keggin unit). 
Determination of the location of the Co(II)06 group ani ot the natut"e 
of its linkage to the rest of the anion by X-ray methods has proved to 
be a perplexing problem. While Fout"ier maps clearly confirm the locations 
of aJ.l of the atoms in the Keggin-structut"e part of the anion, clear~ 
defined peaks are not found which are clearly attributable to the 
octahedraJ. Co atoms. Structure factor calculations have been made for 
a number of different models in two general categories of structural 
models, including some in which one octahedraJ. Co group is located in each 
octahedraJ. pocket, am some in which one ot the two types of octahedral 
pocket (pockets boUided by re-entrant faces) contains no anionic Co group. 
Two facts tem to support the supposition that the re-entrant face pockets 
contain no anionic cobalt: (a) the reliability factors calculated tar 
models in the first category are of the order of 0.17, whereas R • o.lb to 
0.15 tor three of the models in the secom category, am (b) a peak of 
reasonable height is never found at 1/2 1/2 1/2 (in the re-entrant face 
pocket), whereas a quite high peak is toum at 000 (in the flat face 
pocket). The results indicate, however, that it is di:f'ficul.t at the present 
time to make a choice among the various models solely on the basis of the 
X-ray data obtained at room temperature. The models far which the lowest 
values of R were obtained are as follows: in the first category: (1) an 
octahedral Co atom at the center of each octahedral pocket, (2) an octa-
hedral Co atom situated off-center in each octahedral pocket (with a 
random distribution of 1/~ Co in each of four positions); in the second 
category (invol~ ~ Co in the re-entrant face pockets): (1) one 
octahedral Co atom at 000 and one octahedral Co atom statistically 
distributed over eight possible positions close to, am over the centers 
of, the flat faces, ( 2) one octahedral Co atom statistically distributed 
over eight positions and the second Co atom omitted completely, and (3) two 
octahedral Co atoms statistically distributed over the centers of' the 
eight flat faces bouming each of the flat face octahedral pockets. 
The chemical considerations discussed below show that (a) it is 
highly improbable that octahedral Co atoms are located at the centers of' 
one or both octahedral pockets, (b) it is most probable that the octa-
hedral Co atoms are contained in either one or the other type of' pocket 
but not in both, and (c) that all the octahedral Co groups are probably 
located in octahedral pockets rather than in channels. The arguments 
thus tend to favor the conclusion that the structure involves two anionic 
octahedral Co groups randomly distributed over the centers of the eight 
flat faces bounding each of the flat-face pockets, and no anionic Co 
groups in the re-entrant face pockets (model 3 of the secom category 
above). 
A major argument against any model in which some or all of the 
octahedral Co06 groups are located at the centers of octahedral pockets 
derives from the chemical and spectral evidence that the Co06 group in 
each anion is firmly attached to the rest of' the anion when in solution. 
However, the separation between the center am the boundary faces of each 
octahedral pocket is considerably larger than the radius of a coa6 group. 
Thus, even if it were postulated that the co06 group and the Keggin unit 
have no mcy-gen atoms in common but are held together in solution by some 
other kin:i of strong attractive forces, the co06 - Keggin unit separation 
implied by any crystal structure model containing octahedral Co groups 
at the centers of octahedral pockets would require that the attraction 
between the Co06 group and the Keggin group decrease or vanish when salts 
of the anions crystallize. Such a situation seems highly improbable, and 
argues strongly against models in which all, or half, of the anionic 
octahedral Co groups are located at the centers of both, or either, kizxis 
of octahedral pockets. 
The objection to such centered arrangements can be overcome by placing 
each octahedral Co atom off-center, and nearer to one face, in its pocket. 
In effect, this is equivalent to the presumption that each octahedral 
Co atom is attached primarily to onl;r one Keggin unit, both in solution 
and in crystals. If it is then assumed further that octahedral Co atoms 
are contained in both kin::ls of octahedral pockets, it is implied that, 
in crystals, half of the octahedral Co groups are on flat faces of the 
Keggin unit, and half are on re-entrant faces. That condition would 
require that either one of two other conditions also obtain for the 
relationship between anion structure in solution and anion structure in 
crystals: either (1) there is an equal probability for the co06 units 
to be attached to either of the two kinds of tetrahedral face, am solutions 
of the salts contain at least two structurally different ki:rxJs of anions, 
or ( 2) all of the anions are structurally identical in solution but at 
least half of the anions rearrange upon recrystallization. Neither 
co:rxJition is very likely, or finds support in.!!!'. of the chemical evidence. 
An exception to the two alternatives arises onl;r in the relatively unlikely 
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case in which the octahedral Co atom is attached directly to one unshared 
oxygen atom of a single wo6 octahedron. (The other five oxygen atoms of 
each Co06 group would come from coordinated H2o and OH- groups, in proper 
proportion to give the anion its correct over-all charge.) In that case, 
the anions could be identical in solution, and could rearrange upon 
crystallization with onJ.y a change in the relative orientations of the co06 
am W06 groups, and possibzy making and breaking of 0-H-0 bonds. 
While such considerations do not conclusivezy disprove a contention 
that octahedral Co groups may be in either kind of pocket, they argue 
strongly against the probability of such arrangements. The fact that the 
lowest R values were obtained for three structural models which involve 
empty re-entrant face pockets provides further support. It must also 
be admitted, however, that the R-factor appears not to be highzy sensitive 
to the location of the octahedral Co atoms, as evidenced (1) by the small 
difference between R • s calculated for models in which one Co atom is in 
each pocket, and R's calculated for models in which the re-entrant face 
pockets are empty, and ( 2) by the fact that omission of one-half of the 
octahedral Co in structure factor calculations produces no significant 
difference in R. Arguments such as those in the previous paragraph are 
valuable guides for future structure work based on more accurate and 
complete X-ray data. 
The possibility that some of the anionic octahedral Co may be located 
in sites outside the two kinds of octahedral pockets can also be 
reasonably well eliminated. As irxlicated earlier, the only other space 
available is in the channels between faces of nearest-neighbor Keggin units. 
The diameter of a channel is small enough that packing requirements limit 
the geometrically possible models to those in which there is considerable 
sharing of oxygen atoms between a Keggin unit and the co06 group. The 
only way in which that can be accomplished so that it also involves the 
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oxygen atoms of more than one wo6 octahedron of the Keggin unit (a 
plausible requirement on chemical grounds) is to incorporate into the Co06 
group four oxygen atoms from a channel-forming surface of the Keggin 
unit (i.e., the four unlettered oxygen atoms between atoms AIDF of 
Fig. VI-3, for example). Because the four oxygen atoms are not disposed 
in exactly the same way as the corresponding four atoms of a regular 
octahedron, considerable distortion of the Keggin unit would be required 
for such an arrangement, and the distortion would have to oppose the 
direction of polarization of the oxygen atoms by W atoms. No structural 
evidence of that type of distortion was obtained from the electron density 
maps. 
The consideration above points up the fact that, in addition to 
packiDg requirements, symmetr,y conditions, and H-bonding possibilities, 
an important consideration for eliminating less likely models concerns the 
mode of attachment of the octahedral Co atom to the exterior of the Keggin 
structure. The possible sites for attachment of Co to the Keggin unit 
are clearly limited by the numbers of additional oxygen atoms not provided 
by the Keggin unit but required to complete the octahedral coordination 
sphere - i.e., by the number of molecules of "constitutional water" 
involved in the empirical formula unit. It is possible that careful 
dehydration studies could eliminate some of the rna~ structural possibilities 
which would have to be considered in a purely geometrical argument. 
Additional restrictions are imposed by the fact that the solids behave 
like basic salts. Dissolution of the crystalline salts is not a dis-
sociation process, but a chemical reaction Which requires hydrogen ions. 
The reaction is reversible in that crystals having the original composition 
may be obtained from the solution by a reaction which produces hydrogen ions. 
The arrangement aroulXi the octahedral Co in the crystalline solids involves 
oxygen and hydrogen atoms in a ratio slightly larger than 1:2. Specifically, 
there are four OH units per Keggin unit, in addition to the Keggin unit's 
oxygen atoms am the other H am 0 atoms (which are in the H: 0 atomic 
ratio of 2:1). The fact that H+ ions are required to separate the anion 
units when a crystal dissolves indicates that neighboring anions are 
linka1 together by a system of hydrogen bonding which must involve the 
Coo6 groups. The structure can therefore be described as a type of 
infinite three-dimensional polymer. 
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The arguments oulilined above, based in part on chemical as well as 
X-ray evidence, indicate that the most plausible arrangement of anionic 
octahedral Co atoms is that in which two octahedral Co groups on the 
average are contained in one type of octahedral pocket (the flat face 
type} 1 and none is contained in the other kind of octahedral pocket. In 
that case, the octahedral Co atoms might make a random choice, as to 
attachment, among the eight faces of the pocket. Such a model would allow 
that all of the anions be structura.lly identical in solution, and that no 
important changes in the relative positions of Co, W, and 0 atoms take 
place upon crystallization. 
Packing considerations show that two Co06 groups can be located in 
either the re-entrant face or the flat face pockets, but the smaller size 
of the re-entrant face pockets limits the number of possible arr~ 
for that distribution. Moreover, because of the size and shape of the 
re-entrant face pockets, two enclosed co06 groups would have to be in 
direct contact with one another. In the case of the flat face pockets, 
direct contact of the two Co octahedra (or even sharing of one or more 
oxygen atoms between the two Co's) is possible but not required by the 
packing. Since arrangements of this type open up the possibility of 
magnetic exchange interactions between the two octahedral Co atoms, further 
study of magnetic properties might be useful in narrowing down the number 
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of structural possibilities. Although the antiferromagnetic behavior 
reported herein for salts of the 12-tungstodicobaltoate anion has been · 
interpreted in terms of Co(tet)-Co(oct) interactions, it may also be 
possible to attribute it wholly or partially to Co( oct}-Co( oct) interactions 
(part h-b below). This question could be clarified by magnetic studies of 
(1) the same salts at temperatures well below that of boiling liquid 
nitrogen, (2) other possible salts of the anions having different structures 
from that of the potassium and ammonium salts, and particularly (3) the 
temperature-depemence of the magnetic properties of solutions of the salts. 
The latter would be expected to be similar to the temperature-depemence 
of the solid salts if the only interactions are Co( tet) -Co( oct) in both 
cases, but different if the antiferromagnetism of the solids arises even 
partially from Co(oct)-Co(oct) interactions. 
It may be effectively argued, however, that the magnetic results for 
the 12-tungstocobaltocobaltiate salt preclude the assignment of interactions 
wholly to those of the Co{oct)-Co(oct) sort. The lowering of the magnetic 
moment at lower temperatures is far too great to reconcile with a structure 
wherein the tetrahedral Co atoms are not involved in magnetic exchange 
interactions. 
In addition to dehydration experiments and studies of magnetic 
properties, other means might be employed to help reduce the nwnber of 
structural possibilities to be considered. If other salts of the same 
anions could be prepared, with structures different from that of the 
potassium and ammonium salts, their characterization should help elucidate 
the structure of the imividual anions. Since some of the geometrically-
possible structural models for the potassium and ammonium salts can be 
likened to defect lattices in which only a fraction of the available sites 
for octahedral Co groups are filled, some experimentation to determine 
whether or not there is a maximum ratio of Co(oct) : Co(tet) might provide 
additional insight into the structure. The spectrum of crystalline salts 
of 12-tungstocobaltocobaltiate might be recorded and compared to the 
absorption spectrum of the same anion in solution, in order to determine 
Whether the Co(II) 00t-co(III)tet charge transfer spectrum may be affected 
by possible Co( II) oct-co( II) oct interactions in the solids. Also the 
stoichiometry of the reactions which occur upon crystallization or dis-
solution might be investigated. Of course, further structure factor 
calculations should be made for the more plausible models, and compared 
with the X-ray diffraction data. It is also not unlikely that better 
X-ray electron density maps with more clearly defined peaks might be 
obtained if X-ray data are collected at liquid nitrogen temperature instead 
of room temperature. Positions for Co(oct) might well be found from such 
data, thus providing a more direct solution to the problem of the location 
an:3 mode of attachment of the octahedral co06 group. 
The present status of knowledge concerning the structure of the 
dicobaltate anions can be summarized: The anions in solution contain Co 
atoms in both octahedral and tetrahedral sites. The basic structural 
unit is the Keggin structure, with an oxidizable (or reducible) Co atom 
in the central tetrahedron am a non-oxidizable Co atom in an octahedral 
site on the periphery. The solid crystalline ammonium am potassium 
salts, although easily soluble, appear to be infinite three-dimensional 
polymers, in which neighboring anions are joined by a system of coordination 
to the octahedral Co atoms am by hydrogen-homing involving the co06 
groups. Not counting the !,0 oxygen atoms in each Keggin structure or H 
atoms in w4 +, the other o.x;ygen am hydrogen atoms are present in the 
proportion of On+if2n per Keggin structure. The most plsusible possibility 
involves (1) all the octahedral Co atoms being present in just one of the 
sorts of large octahedral pockets between the Keggin structures, most 
probably that farmed by the flat faces, and (2) each such large pocket 
containing off-center Co atoms randomly distributed over the eight 
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faces bounding the pocket, with an average of two octahedral Co atoms per 
large pocket. 
3. The 12-Tungstocobaltosilicate Anion 
Preparations, preliminary quantitative analyses, and some of the 
chemical properties of this new anion have been described in Chapter IV, 
Section F. The anion ha.s not yet been completely characterized, and its 
formulation is only tentative at the present time. The crystalline salts 
which have been prepared contain Si and W, apparently in a gram-atomic 
ratio of 1:12, arxl Co. Analysis of several-times recrystallized material 
indicated that the Co content is somewhat in excess of that required for 
a gram-atomic Co:Si:W ratio of 1:1:12. The results of several different 
types of experiments involving solutions of the potassium salt established 
firmly that at least one Co atom per 12 W atoms is in the anion, and 
indicated that at least some of the Co is cationic. It has not yet been 
shown, however, that a.ll of the excess Co (i.e., in excess of the 1:1:12 
Co:Si:W atomic ratio) is cationic. 
It would be unwarranted to attempt a detailed structural interpretation 
based on the results of this preliminary investigation. However, the 
numerous analogies between the behavior of this new anion and the behavior 
of the two 12-tungstodicobaltate anions (detailed in Chapter IV, Section F) 
suggest that the same structural relationships exist in each anion. All 
three anions (a) are converted by addition of acid into cationic Co(II) 
and the corresponding Keggin-structure 12-tungsto anion of the original 
tetrahedral atom, (b) contain an octahedral Co group which remains in the 
anion even in solution, and (c) form crystals which contain excess cobalt. 
An interesting difference between the anions with central tetrahedral 
cobalt atoms and the new anion with a central tetrahedral silicon atom is 
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that the removal of octahedral Co( II) from the heteropoly silicate anion is 
reversible with change of pH. This behavior may be related to the fact 
that the range of pH stability for 12-tungstosilicate extends higher than 
for either of the 12-tungstomonocobaltates. The 12-tungstocobaltoate anion 
also reacts with Co(II) ions when the pH is raised, yielding 12-tungsto-
dicobaltoate, but the reaction is accompanied by much decomposition. 
a. Absorption Spectrum in Solution 
Much of the general background concerning the energy levels for Co(II) 
in fields of octahedral symmetry has already been reviewed in Section A, 
part 3-a(l) of this Chapter. It was Shown that three spin-allowed transitions 
are predicted: 
As was the case for tetrahedral complexes of Co( II), the ~T1 (~F) am 
~l (~P) levels perturb one another. The energy matrices derived by 
Tanabe am Sugano1, which allow for this interaction, as well as for 
expanded radial functions of the metal 3d-electrons, lead to the following 
predicted transition frequencies: 
J/1 • 5 Dq - 1.5 B' + 1/2 (225 B• 2 + 180 DqB' + 100 Dq2)1/2 
v 2 • 15 Dq - 7.5 B1 + 1/2 (225B•
2 + 180 DqB' + 100 Dq2) 1/ 2 (VI-~) 
v • (225 B12 + 180 DqB' + 100 Dq2)1/ 2• 3 
These three equations predict the separations between the centers of gravity 
of the four quartet levels. The lowest level, however, is an orbital 
triplet, and it is clear that a degenerate level cannot correspond to the 
lowest energy state for a non-linear molecule, since the energy can always 
1. Y. Tanabe am S. Sugano, J. Phys. Soc. Japan, 2' 153, 766 ( 195~). 
1 be lowered by a distortion which removes the degeneracy • In the case of 
octahedral Co(II), however, it has been argued that the spin-orbit 
coupling interaction is strong enough to remove the degeneracy even in the 
absence of lower symmetry fields2,3. Under the action of spin-orbit 
coupling, the ~T1(~) level is split into a lowest doublet, a quartet, and 
a highest sextet, separated from the center of gravity by -15/L IAI, 
-3/2 I .AI, and 9/~ IAI respectively2 'L. The presence of an asymmetric 
field can produce further splitting of the levels5. This has effects 
important for interpretation of spectra. Even if the effective spin-orbit 
coupling constant in an octahedral Co(II) complex is reasonably smaller 
than the free-ion value ( 1\ (co•2) • -178 em. - 1), the doublet-quartet 
separation is large enough to ensure that the transitions will for the 
most part originate from the doublet level at room temperature. This 
splitting therefore constitutes an additional stabilization of the ground 
state not allowed for in Eqns. VI-L above. Failure to consider this 
effect causes a small error in the estimation of Dq, but makes very little 
difference in the deduced value of B'. 
The spectra of numerous compounds containing Co(II) in octahedral 
sites have been studied both in solid~,6-lO and in solution10 .,..~. All 
1. H. A. Jahn and E. Teller, Proc. Roy. Soc. {London), Al6L, 117 (1938). 
2. s. Koide, Phil. Mag. [8], ~' 2~3 (1959). -----
3. A. Liehr, Bell Telephone System Technol. Publcn., Monograph 3743, 
Bell Tel. Labs., Inc., New York, 1960. 
~. W. Low, Phys. Rev., 109, 256 (1958). 
5. R. Schlapp and W. G.-penney, Phys. Rev., ~2, 666 (1932). 
6. o. G. Holmes and D. s. McClure, J. Chem. Pnys., 26, 1686 (1957). 
7. A. • .A.bragam and M. H. L. Pryce, Proc. Roy. Soc. (l:Ondon), A206, 173 (1951). 
8. R. Pappalardo, D. L. Wood and R. C. Linares, Jr., J. Chem:-Pfiys., 35, 
20~1 (1961). --
9. J. C. Zahner and H. G. Drickamer, J. Chem. Phys., 35, ~83 (1961). 
10. R. Pappalardo, Phil. Mag. [8], ~' 219 (1959). --
11. Y. Tanabe and s. Sugano, J. Phyi. Soc. Japan, 9, 153 and 766 (195~). 
12. L. E. Orgel, J. Chem. Phys., 23, 100~ (1955).-
13. C. J. Ballhausen and C. K. J Fiensen, Acta Chem. Scand., 9, 391 ( 1955) • 
~. C. K. J~gensen, Acta Chem. Scand., 8, 1~95, 1502 (195~);-9, 1362, 
(1955). - -
have two prominent features in common: a nearly symmetrical absorption 
band or low intensity (r"' lo-5) at 8000-9000 em. -l, and a composite band 
or somellhat higher intensity (r ~ 10-~) at 18,500-22,000 em. - 1• In addition 
one or more very low intensity bands or shoulders may be observed between 
the two major bams, and several higher energy bands have been reported. 
The two prominent bands have been assigned as the JJ1 and v3 barxis 
or Eqns. VI-~ above. The magnitude or Dq for octahedral Co(II) complexes 
is generally such that the v2 tradition .falls very close to v3, am may 
be masked by JJ3• It has occasionally been observed as a very low intensity 
band, .frequently as a shoulder on v3• Its low intensity is expected, 
since the v2 transition correspon:Js to a two-electron jump. Theoretical 
intensity calculations1 predict the oscillator strengths o.f the v1, v2, 
and v3 transitions to be ~.xlo-5, 5x1o-6 and 2xl0-~ respectively. The 
lower-intensity components o.f the v3 band may generally be attributed to 
transitions to nearby levels which come .from the crystal .field splitting 
o.f higher-energy doublet states c2G, 2P, etc.). 
Portions o.f the absorption spectrum o.f the 12-tungstocobaltosilicate 
anion are shown as curves A and A1 in Fig. IV-17. The complete visible 
and near-intra-red spectrum was not recorded, but it was ascertained that 
no important absorption band arises between 10,000 and 13,000 em. - 1• The 
position, shape, am intensity o.f the small band at ~ ~~~00 em. -l are not 
as yet experimentally well-defined. The salient .features o.f the spectrum 
are a slightly asymmetric band o.f moderate intensity, with maximum at 
7610 cm.-1, and a considerably stronger band containing at least two 
components. The maximum o.f the more intense component occurs at 18,250 em. -l, 
and the less intense shoulder can be placed at "'19,800 em. - 1• The 
1. s. Koide, Phil. Mag. [8], ~~ 2~3 (1959). 
contours of the bards are very similar to those observed for a.quated 
Co(II) ions. Solution of Eqns. VI-~ for B' arxi Dq, using the observed 
values for v1 {7610 cm.-1) and v3 (18250 cm.-
1), gives: Dq • 86~ cm.-1, 
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B' • 780 em. -1. Substitution of those values into the equation for .112 leads 
to a predicted v2 value of 16,250 em. -1, which places v2 under the sharply 
rising edge of the 1) band. 
A comparison of these results with those for other coa6-containing 
substances invites conjecture regarding the structural arrangement of 
oxygen atoms around cobalt in the 12-tungstocobaltosilicate anion. The 
conjecture is based on the "rule of average environment"1, which was 
empirically deduced from comparisons of Dq values for large numbers of mixed 
and unmixed complexes of transition metal ions. The rule states that, for 
a mixed complex such as [MA~B2 ], the effective position in the spectro-
chemical series of the combination of ligands may be found by averaging 
the positions of the individual ligands. (The spectrochemical series refers 
to the series of ligands arranged according to increasing values of Dq.) 
The Dq and B' values of a number of coa6 systems are listed below. 
Compound Dq B' Reference 
[co(H2o) 6r* 950-910 860 1,2 
Co in MgO 927 8~5 3 
[CoSiW 0 r(2y-78) 12 y 8~ 780 This work 
CoWO~ 690 110 ~ 
It is seen that the effective field provided by the distorted~ octahedron 
of oxide ions in CoWO~ is much smaller than that provided by an octahedral 
1. c. K. J,Srgensen, Reports of the lOth Solvay Conference in Chemistry, 
Brussels, 1956, p. 367. 
2. R. Pappalardo, Phil. Mag. [8], ~' 219 (1959). 
3. R. Pappalardo, D. L. Wood and R7 c. Linares, Jr., J. Chem. Phys., 35, 
20~1 (1961). -
~. J. Ferguson, K. Knox, arxi D. L. Wood, J. Chem. Phys., 12, 2236 (1961). 
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array of water molecules. The difference cannot be attributed to a general 
distinction between oxide ions and water molecules, since the great mass 
of evidence indicates that Dq • s for oxides and aquates are very nearly 
the same (for a given transition metal ion and a single coordination 
geometry). And indeed both the Dq and B' values for Co in the MgO lattice 
l rn (for which the Co-O distance is comparable to thatAcowo4) are very similar 
to those for Co(II) hexaquate. The difference has been interpreted1 in 
terms of the highly polarizing effect of w, which reduces the polarizability 
of oxygen (by cobalt) relative to the polarizability of oxide ions in the 
MgO lattice. (The equivalent statement can be framed in molecular orbital 
language, in terms of the relative cr-bonding power of oxygen in the two 
compounds.) 
The fact that the crystal field strength of the oxygen environment 
in 12-tungstocobaltosilicate lies between the values for the aquate and 
for oxygen bonded toW suggests that the Co(II) environment in the 
heteropoly anion may be unsymmetrical - i.e., that Co is coordinated 
directly to one or more of the exterior oxygen atoms (all bonded toW) 
belonging to the Keggin-structure part of the anion, and that the remainder 
of the coordination sphere is made up of coordinated H20 molecules and/or 
oo- ions. (See part 2 above regarding structural considerations.) 
This postulate finds additional support in the intensities of the 
two absorption bands. As explained earlier (Section A, part 3-a(l)), 
complexes without a center of symmetry generally have higher absorption 
band intensities than complexes having an inversion center. Fig. IV-17 
allows direct comparison of the absorption intensities of Co in this 
heteropoly anion and in the hexaquate complex. (Liehr2 has argued that 
1. J. Ferguson, K. Knox and D. L. Wood, J. Chem. Phys., 35, 2236 (1961). 
2. A. Liehr, Bell Tel. Syst. Technol. Publcn., Monograph~43, Bell Tel. 
Labs., Inc., New York, 1960. 
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in the absence of packing forces, as.ymmetric fields, etc., the strong 
spin-orbit coupling in octahedral Co(II) complexes should remer the 
electron distribution Jahn-Teller-resistant, thereby stabilizing the 
regular octahedral structure for a complex such as [Co(H2o) 6]+
2
.) It 
might be debatable whether or not the intensification in the heteropoly 
anion spectrum should be attributed sole~ to the absence of an inversion 
center, since it appears that a charge transfer bam may be located near 
the 1)3 ban:i. That region of the spectrum was not investigated, but the 
increase in absorption beyond 21,000 cm.-1 indicates a band which has no 
parallel in the intra-ligand charge transfer spectrum of the 12-tungsto-
silicate anion. Such a band could be a source of intensification, 
particularly for the v3 band
1
• It is doubtful, however, that this factor 
could account far the more than fourfold intensification of the infra-red 
band located perhaps 20,000 em. -l away. Thus it is reasonable to conclude 
that there is a distorted octahedral field of oxygen atoms around the 
Co(II) in the heteropoly anion, and that this distortion may arise because 
Co is coordinated directly to one or more oxygen atoms of the Keggin-unit. 
(The oscillator strengths of the bands assigned as v1 and v3 in the 
heteropoly anion spectrum have been estimated on the assumption that the 
intensity of the higher frequency component near v3 is largely borrowed 
from u3• Because of uncertainty in the composition of the sample and the 
concentrations of solutions (see Chapter IV, Section F, parts 1, 3-a am 
3-c), the uncertainty in the values: fu • 5 x lo-5, fv • 1 x lo-3, is 
1 3 
at least 25%.) 
L. The 12-Tungstodicobaltoate Anion 
a. Absorption Spectrum in Solution 
1. R. Englrnan, Molec. Phys., .J., ~8 (196o). 
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The absorption spectrum of ammonium 12-tungstodicobaltoate, dissolved 
in a buffer solution having pH • 1, is shown in Fig. IV-11, am the crystal 
field spectrum (6o00 - 23,000 em. - 1) is shown in Fig. IV-12. The non-
overlap of the curves for solutions of different concentrations in two 
wave length regions is described am discussed briefly in Section D, part 5 
of Chapter IV. 
The spectrum reveals that the 12-tungstodicobaltoate anion contains 
one but only one Co{II) ion in a tetrahedral site, and that the site has 
virtually the same crystal field strength as the tetrahedral site in 
12-tungstomonocobaltoate. The cent;er of gravity of the lower-frequency 
bam { v2) of the spectrum is shifted to a slightly smaller frequency 
(by 230 cm.-1) than in the monocobaltoate anion. Subtraction of the v2 
band observed for the monocobaltoate anion from the corresponding band 
for the dicobaltoate anion reveals (1) a slight over-all increase in 
intensity of the band in the dicobaltoate anion spectrum (by-~ absorptivity 
units at e for the lowest and highest components of the bam), and 
max 
(2) a small superimposed bam, fairly symmetrical in shape, having its 
maximum intensity (e. ..... 8) at .... 7500 em. - 1• The absorption bam assigned 
as v3 in the monocobaltoate anion spectrum appears also in the dicobaltoate 
anion spectrum, and at exactly the same wave number (~ at 16,000 cm.-1). 
max 
It too has an absorption band superimposed on it. Subtraction of the v
3 
band observed for 12-tungstocobaltoate from the analogous band for 
12-tungstodicobaltoate indicates the general shape and position of the 
added band: a sharp band with maximum int;ensity (€"" 75) at 16,700 em. -l, 
having a shoulder at -17,800 em. -l. (The contour am intensity of the 
shoulder cannot be estimated, because they are located in one of the two 
regions of the spectrum where the int;ensity appears to be somewhat 
concentration-dependentJ 
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The similarity of the superimposed spectrum to that of cobalt in 
12-tungstocobaltosilicate suggests that it also arises from the octahedral 
co06 attached to the exterior of the anion. The supposition is ver,r 
strongly supported by solution of Eqns. VI-4 for the crystal field and 
Racah parameters, using the deduced values for the frequencies at maximum 
absorptivity. Substitution of v1 • 1500 em. -l and v3 • 16,100 em. -l 
gives: Dq • 850 cm.-1, B' • 678 cm.-1• The value of Dq is very close to 
that deduced for the octahedral Co(II) atom in 12-tungstocobaltosilicate 
(864 cm.-1). Further support is provided by the observed effect of 
lowering the pH of solutions containing 12-tungstodicobaltoate anions 
(Figs. IV-13 and IV-14). Increase of [H+], known to effect separation of 
the exterior Co(II) atom, causes progressive disappearance of the bam 
superimposed on the tetrahedral Co v3 band. (The absorption spectrum of 
hydrated Co(II), which should appear and increase in intensity as the 
superimposed band disappears, would be very difficult to delineate by a 
subtraction process such as that used above, since it has maximum 
absorptivity of only 5 units in the region between 18,000 and 22,000 cm.-1• 
Spectral evidence for the presence of the hydrated Co(II) may nonetheless 
be deduced from the difference between the optical density of a solution 
containing 12-tungstomonocobaltoate anions (Cut've G, Fig. IV-13) and 
the optical density of a solution prepared by dissolving ammonium 
12-tungstodicobaltoate in a buffer of pH • 2 (Curve F, Fig. IV-13).) 
The results of these experiments therefore demonstrate that the 
exterior Co atom in the 12-tungstodicobaltoate anion is attached to the 
rest of the anion, in a site having (probably distorted) octahedral 
symmetry, and irrlicate that the nature of the coordination sphere around 
the exterior Co(II) atom is the same in both the 12-tungstocobaltosilicate 
anion and the 12-tungstodicobaltoate anion. 
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The fact that the value of B1 for octahedral Co is much lower in the 
12-tungstodicobaltoate anion than in the 12-tungstocobaltosilicate anion 
indicates that the unpaired electrons of the octahedral Co atom are 
effectively more delocalized in the dicobaltoate anion. This result 
supports the contention of the following section, that there is an 
electronic spin-spin interaction between the electrons of the tetrahedral 
Co(II) atom and the electrons of the octahedral Co(II) atom within each 
anion. Such an interaction could not, of course, exist between the Si( IV) 
atom and the Co(II) atom. 
The dual manifestation of electron delocalization {magnetic and 
spectral) has been observed for several other chemical species. Since 
relatively few well-characterized po~uclear complexes of transition 
metal ions have been subjects for combined magnetic and spectral studies, 
the better known cases are those involving compounds, such as cr2o3, 
which exhibit lattke antiferromagnetism. However, interest~ spectral1 
and magnetic1- 3 studies have been made of a group of chemically related 
binuclear complexes of Cr{III) containing bridging oxo and hydroxo groups. 
All of the three complexes with hydroxy bridges exhibit moderately stro~ 
intra-ionic antiferromagnetic interactions {-J: ~0 to 21°; -e: 70° to 
130°). The solution absorption spectrum of one of the three hydroxy-
bridged complexes, the "acid rhodo" ion[{NH3)fr(<li)Cr{NH3)5]+5, has been 
reported1, as has the solution absorption spectrum of the closely related 
complex ( {NH3)_fr(OH)]+2 (in lihich such exchange interactions cannot occur). 
Comparison of the relative positions of the "l and v2 bands in both spectra 
suggests that Dq for the binuclear complex is slightly smaller than for 
the mononuclear complex, but that the B• value for the binuclear complex 
1. c. E. Schiffer, J. Inorg. Nucl. Chem., 8, ~9 (1958). 
2. A. Earnshaw and J. Lewis, J. Chem. Soc.; 1961, 396. 
3. W. K. Wilmartht H. Graff and S. T. Gustin7"J.' Am. Chem. Soc., ~, 
2683 (1956). 
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is on the order of 100 em. -1 smaller than B' for hydroxopentamminechromiate. 
(The 11basic rhodo" complex, [(ltl3)_,cr-o-Cr(.NH 3) 5]+~, displays very 
pronounced antiferromagnetism, and has an absorption spectr'W11 markedly 
different from those of normal octahedral Cr(III) complexes. Both results 
have been interpreted as evidence for very strong interaction between the 
two sets of d-electrons across the oxo-bridge, but neither set of data has 
yielded as yet to quantitative analysis.) 
The results of the preliminary analysis of the crystal field spectrum 
of the 12-tungstodicobaltoate anion, outlined above, are completely 
consistent with the conclusions relevant to structure which have been 
derived from several other lines of evidence, and provide additional 
information not obtained in other ways. The structural relationship 
between the 12-tungstomonocobaltoate and the 12-tungstodicobaltoate anions 
is indicated by the nearly identical patterns of absorption for tetrahedral 
Co(II) in the two anions. Solution of Eqns. VI-2, using the wave numbers 
for v2 azx:l ).)3 from the spectrwn of tetrahedral Co in the 12-tungstodi-
cobaltoate anion (8000 and 16,380 cm.-1), gives: Dq • ~69 cm.-1, 
B' • 687 em. - 1• The values are not significantly different from those 
calculated for tetrahedral Co in the monocobaltoate anion. The analogy 
between the absorption bands associated with the octahedral Coo6 groups 
in both the 12-tungstocobaltosilicate and the 12-tungstodicobaltoate 
anions, and the contrast between those spectra and the spectra of other 
simple Co06-containi~ species, strongly support the idea that the co06 
groups are attached to the anions even in quite dilute solutions. The 
indicated distortion of the octahedral group of oxygen atoms provides a 
basis for the hypothesis that the exterior co06 groups are attached by at 
least one direct Cotet..O-W-O..Co0ct linkage. The results also provide 
additional support (1) for the postulate that the 12-tungstocobaltosilicate 
anion has the same structure as the tw 12-tungstodicobaltate anions, and 
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(2) for the interpretation of the magnetic data (part L-b below) for salts 
of 12-tungstodicobaltoate in terms of intra-ionic Co-Co interactions, 
rather than in terms of lattice interactions or Co{oct)-Co{oct) interactions. 
b. Magnetic Properties 
The reader is referred to Chapter V, Section F, where all of the 
magnetic data pertaining to the three different preparations of 12-tungsto-
dicobaltoate salts are presented, along with: descriptions of corrections 
for diamagnetism and temperature-independent paramagnetism, uncertainties 
arising from packing difficulties, evidence regarding the presence of more 
than one cubic crystalline form, etc. Fig. V-5 shows that despite the 
fact that all of the salts are highly dilute magnetically (no preparation 
had a total Co content greater than L.2% by weight, or, stata:!differently, 
more than one Co atom per 2L o~gen atoms), the molar susceptibilities 
deviate considerably from Curie law or even Curie-Weiss law behavior. The 
nature of the deviations is qualitatively similar to the deviations 
observed for some octahedral complexes of Co(II), but is also similar to 
that expected as a result of anti-parallel exchange interactions. The 
remainder of this section is concerned with possible explanations of the 
observed magnetic behavior, and particularly with one model of exchange 
interaction which affords satisfactory quantitative correlation of all 
of the data. 
The interpretation of the magnetic data for the 12-tungstodicobaltoate 
sa.lt preparations is complicated by the fact that the salts contain at 
lea.st three structurally-different types of paramsgneti.c Co atoms: the 
tetrahedrally coordinated CoOL group at the center of the Keggin unit, 
the octahedrally coordinated co06 group attached to the exterior of the 
Keggin unit, and that cobalt which is present in excess of the gram-atomic 
Co:W ratio of 2:12. All of these types can contribute independently to 
the susceptibility {no interactions); all m~ be involved in a massive 
magnetic (lattice) interaction; there may be lattice interactions involving 
only the octahedrally coordinated Co's of the anions, or involving all the 
octahedral Co atoms, anionic and cationic; or there may be interactions 
which include only the two Co atoms contained in each anion (intra-ionic 
interaction) • 
At the outset, it may be pointed out that it can be satisfactorily 
demonstrated that the three types o£ Co atoms do not make full and 
independent contributions to the overall magnetic susceptibility (i.e., the 
temperature-dependence of the susceptibility can be interpreted only in 
terms o£ some sort o£ anti-parallel exchange interaction). The spectral 
evidence described in part L-a above suggests that the magnetic interaction 
should encompass both Co atoms in every anion, but it doesn't eliminate 
either of the other two possibilities mentioned above. However, by 
assuming that the only interaction is the intra-ionic one, between the 
octahedral and tetrahedral Co atoms in each anion, all o£ the magnetic 
data obtained in this work can be quantitatively correlated. This model 
is consistent with the most probable arrangements of the binuclear anions 
arrl excess cationic Co, as described above, and with the magnetic behavior 
of isomorphous potassium 12-tungstocobaltocobaltiate. Additional support 
for this model is afforded by the fact that the interaction parameters for 
the three different preparations of 12-tungstodicobaltoate salts have 
similar orders of magnitude, despite the fact that the preparations 
differed widely in the proportions of excess Co they contained. This is 
consistent with the conclusion that cationic Co is included randomly in 
the packing, and is not gener~ associated with the anions. It is an 
interesting side-light that the order of increasing magnitude of inter-
action parameters for the three salt preparations coincides with the 
order of decreasing unit cell edge (Chapter V, Section F). The differences 
are small at most, however, and the lower degree of accuracy of the 
magnetic data for the several 12-tungstodicobaltoate salts, as well as 
the slight dependence of the parameters on the susceptibility assumed 
for the excess Co (vide infra), discourage more detailed analysis for the 
possible significance of this fact. 
(1) Nature of Excess Cobalt 
The analyses of the several dicobaltoate salt preparations used in 
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this work showed overall gram-atomic Co:W ratios ranging from 2.2:12 to 
2.5:12. The combined evidence of chemical reactions and analyses, 
absorption spectra, solubility studies1, and ion exchange and electrolytic 
migration behavior, shows that at least one octahedral and one tetrahedral 
Co atom per 12 W atoms are incorporated into each heteropoly anion, and 
that most or all of the excess Co is present as cationic coba1t. A 
possibility not as yet considered is that not all of the cobalt in excess 
of the amount required for a gram-atomic Co:W ratio of 2:12 is present 
as unassociated cationic Co. This consideration is tantamount to 
postulation of a species having a higher gram-atomic Co:W ratio, such 
as 3:12. There is as yet no evidence Which can be interpreted as 
indicating the existence of such a species. Preparations made using 
large excesses of Co, yielded only the compounds already described. 
Moreover, the evidence clearly shows that if such a tricobaltoate exists 
at all, it constitutes but a small fraction of the number of 12-tungsto-
dicobaltoate anions present in a.r.r.,y of the preparations described. Further, 
the magnetic data can be satisfactorily interpreted on the assumption 
that the intra-ionic interaction involves only one octahedral and one 
tetrahedral Co atom in each anion. Far these reasons, the possibility 
will not be considered further. 
1. L. c. W. Baker and T. P. McCutcheon, J. Am. Chem. Soc., 78, 4503 (1956). 
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The X-ray structural stu:iy has shown that the packing of the anions 
in crystals leaves channels and sizeable pockets in which counter ions and 
water molecules of hydration may be packed. It seems reasonable to assume 
that as the crystals grow from hot saturated solutions, the cationic Co 
ions (which are always present because of the recrystallization conditions) 
are randomly trapped in the spaces between anions. Moreover, since they 
are present in solution as octahedral hydrates, it is probable that they 
are occluded with their hydration spheres, along with enough other water 
molecules and cations to provide favorable packing and electrical 
neutrality. The distribution of the hydrated cationic Co groups over the 
many possible sites undoubtedly varies with their proportion and with 
preparative conditions. 
( 2) Correction for Excess Cobalt 
The method which was used to correct the observed "molar susceptibil-
ities• for the magnetic contribution of excess cationic Co is described 
in Chapter V, Section F. It involves the assumption that the average 
magnetic behavior of the excess Co is similar to that of other complexes 
in which Co(II) is octahedrally coordinated to six water molecules. 
Application of an in:iependent correction was required because the three 
"molar susceptibility" curves could not be analyzed into additive 
contributions, from the heteropoly anions and from the excess Co ions, 
which were consistent for all three preparations. !~Corrections" were 
deduced from each pair of curves: (a) Analysis of the curves for the two 
ammonium salts indicated that the susceptibility of excess Co in the two 
salts is ~ - U% higher (depending on temperature) than the susceptibility 
of (NH~) 2co(S0~) 2•6H2o. The deduced susceptibilities are all well within 
the range of values observed for hydrated cobalt salts at corresponding 
temperatures, but show a somewhat unusual temperature dependence. 
(b) Calculations by difference from Curves "B" and ''C" (Fig. V-5) for 
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the potassi'Wil arrl ammoni'Wil salts purified by ion exchange led to unreasonably 
small, almost temperature-irrleperrlent, values .for the susceptibility o.f 
cationic Co. {c) Curves "A 11 arrl 11B11 led to magnetic moments larger than 
5.3 B.M. over the entire temperature range. The present interpretation, 
which makes most o.f these apparent anomalies in the magnetic behavior 
of cationic cobalt a consequence o.f the slightly different magnitudes o.f 
the interaction parameters .for the heteropoly anions in the two preparations, 
resolves the problem. 
As stated above, the magnetic behavior o.f Co(II) hexaquate is very 
sensitive to the exact symmetry arrl magnitude of its crystal .field. 
Since it has been concluded that excess Co in the crystalline 12-t~sto-
dicobaltate salts is probably distributed over several possible sites, 
with di.f.fering local symmetries, it is probable that the average magnetic 
moment o.f the cationic cobalt varies somewhat in accordance with 
preparative conditions, proportion of excess cobalt, nature of counter 
ions, closeness o.f packing, etc. The use of a single correction curve .for 
excess cobalt in all three salts is therefore likezy to introduce some 
small errors into the magnitudes of the susceptibilities attributed to 
the heteropoly anions in the various preparations. This error can be 
estimated by considering both the relative contribution o.f cationic Co 
to the total 11molar susceptibilityH of each preparation arrl the range o.f 
susceptibility values reported .for many different compounds containing 
the [Co(H2o) 6 ]+
2 group1-5. At room temperature, no compound was reported 
to have a susceptibility differing by more than 5% from that given by Bose 
for (W~) 2co(SO~) 2 •&2o1• Therefore at room temperature the maxim'Wil 
1. A. Bose, Ind. J. Phys., 22, 276 (19~8). 
2. B. c. Guha, Proc. Ro.y. soc. (London), A206, 353 (1951). 
3. R. s. N.yholm, Quart. Rev., 7, ~02 (19~ 
~. A. Bose and s. c. Mitra, Ind. J. Phys., 26, 393 (1952). 
5. B. N. Figgis and R. S. Nyholm, J. Chem. 'SOc., 1959, 338. 
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probable error introduced from this source into the susceptibility deduced 
for each heteropoly 12-tungstodicobaltoate is of the order of 1%, even 
far the preparation containing the highest proportion of cationic cobalt. 
At liquid nitrogen temperature, the majorit,y of susceptibilities reported 
for Co(II) hexaquate compounds fall within 10% of the susceptibility 
given1 for the cobalt Tutton salt. If the difference between the actual 
susceptibility of cationic cobalt in any of the preparations, and the 
susceptibility assumed for correction purposes, is as much as 10% at 
liquid nitrogen temperature, the error introduced into the susceptibility 
deduced for the heteropoly anion is 3% for the case of the preparation 
highest in excess cobalt, and 2% and 1% respectively for the potassium and 
ammonium salt preparations purified by ion exchange. 
(3) That the Deviation from Curie-Weiss Law Behavior Cannot be 
Attributed to Normal Magnetic Behavior of Octahedral Co(II) 
When the magnetic data for the three 12-dicobaltoate salt preparations 
are plotted on a graph of reciprocal nmolar susceptibility" vs. temperature 
(not illustrated), the three lines show curvatures such that Weiss constants 
of -27°, -32°, and -36° are obtained by extrapolation of the higher 
temperature points. Such temperature dependence of magnetic moment is 
exhibited by most octahedral spin-free complexes of Co( II) am is a 
natural consequence of the Boltzmann distribution over the levels of the 
lowest orbital triplet which is split by spin-orbit coupling. It can be 
demonstrated (next paragraphs), however, that this mechanism is quite 
insufficient to account for all of the deviation from Curie-Weiss law 
behavior observed for salts of 12-tungstodicobaltoate. 
If it is temporarily asswned that the three types of Co(II) atoms are 
magnetically independent, the observed susceptibilities must represent the 
1. A. Bose, Ind. J. Phys., ~' 276 (19~8). 
sums of the three irrlependent susceptibilities. The average susceptibility 
of all of the octahedral cobalt can then be deduced by subtractir€ the sus-
ceptibility of tetrahedral cobalt from the observed "molar susceptibilities" 
at correspon::ling temperatures, and dividing the difference by the total 
number of gram-atoms of octahedral cobalt. Since the X-ray evidence 
demonstrates that the tetrahedral Co in 12-tungstodicobaltoate is located 
at the center of a Keggin unit as in 12-tungstomonocobaltoate, an::l since 
the spectra showed that the crystal field strength of the site is virtually 
ident:ieal in the two anions, it is appropriate1 to use, for the susceptibility 
1. The data can be treated in this way because the ground state of Co(II) 
in tetrahedral fields is orbitally non-degenerate. Thus, for 
regular tetrahedral fields, the effective magnetic moment deviates 
from the spin-only moment only by virtue of the orbital contribu-
tion which arises from spin-orbit coupling with the higher triplet 
level. (See Eqn. V-6.) Since values of Dq deduced for tetrahedral 
Co in the 12-tungstomonocobaltoate and 12-tungstodicobaltoate 
anions are so similar, the orbital contributions to the effective 
magnetic moments of tetrahedral cobalt in the two anions should 
also be nearly the same. Therefore the total effective magnetic 
moments am the susceptibilities at corresponding temperatures 
should be nearly the same. 
As shown in previous sections of this dissertation, distortion of the 
tetrahedral crystal field around Co(II) is manifested in the 
magnetic properties by Cm-ie-Weiss law behavior, with small 
negative values far the Weiss constants. Far tetrahedral Co(II) 
in the 12-tungstomonocobaltoate complex, it was deduced herein 
that 9 is essent~ zero and that the crystal field is probably 
quite regular both in solutions an::l in crystals. It is possible 
tliat the presence of the exterior octahedral Co( II) group in the 
12-tungstodicobaltoate complex could cause some distortion of the 
crystal fie!d around the central tetrahedral Co( II) group. 
However, if the tetrahedral field were distorted for that reason, 
then such distortion should persist in solution, ind ~absorption 
spectrum should show additional band-splitting from that source. 
In fact, however, the first complex absorption band of the crystal 
field spectrum could be exactly analyzed into a band from octa-
hedral Co(n), and a band having exactly the same structure, 
width, and intensity as observed for tetrahedral Co(II) in 12-
tungstomonocobaltoate. 
Of course, this does not constitute conclusive evidence that the 
tetrahedral field is undistorted in crystals of 12-tungstodi-
cobaltoate salts, since the relationship between tetrahedral and 
octahedral Co(II) in the binuclear complex may differ slightly in 
solids and in solutions. (Crystal packing forces would appear to 
be a less likely source of distortion in this instance.) Study 
of crystal spectra, and eventual solution of the X-ray crystal 
of tetrahedral cobalt, the values determined experimentally for 
KsH[CoO~W12o36]•nH20 : Ji • 2.255/(T - 0.6). 
When the data were treated as described above, in order to deduce 
the average susceptibility per gram-atom of octahedral cobalt, the 
following results were produced. (a) The susceptibilities so calculated 
show a much more marked deviation from Curie-Weiss law behavior than the 
original data. (b) The susceptibilities for the three preparations cor-
respond to magnetic moments of ~.6o- ~.70 B.M. at 300~., and 3.5-
3.85 B.M. at 8o<>x:. The latter ca.lculation implies that the magnetic 
moment is reduced to below the "spin-only" value of 3.87 B.M. Such 
behavior cannot result from the spin-orbit splitting of an orbital~ 
triplet ground state. (c) Extrapolations of 1/j vs. T curves (obtained 
on this basis for the octahedral Co,; not illustrated) from the temperature 
region where the curves are approximately linear (T>l70<>x:.), lead to 
minimum Weiss constants of -55° for Preparation No. 1 of the ammonium 
salt, -67° for Preparation No. 2 of the ammonium salt, and -72° for the 
potassium salt. By contrast, the largest negative Weiss constant for an 
octahedral Co(II) compound known to involve no spin-spin interactions1 
appears to be about -30°, a value which may be deduced from the mean magnetic 
structure, could resolve this question. If the tetrahedral crystal 
field were reasonably distorted, then the characteristics of the 
"indepiiide'nt magnetic contributions" of total octahedral Co(II) 
and anionic octahedral Co(II) would be less unusual than those 
described below. However, it would be difficult to attribute the 
low observed magnetic susceptibilities of 12-tungstodicobaltoate 
salts wholly to reduced symmetry of the tetrahedral crystal field, 
since even by assuming that the Weiss constant for tetrahedral 
Co(II) in the binuclear anion may be -20° to -300 (values much 
larger than those deduced from the magnetic properties of other 
distorted tetrahedral Co(II) complexes), the low-temperature sus-
ceptibilities calculated for the anionic octahedral Co atoms are 
only as large as the smallest susceptibilities observed for other 
octahedral Co06-containing complexes. Moreover, a similar argument 
cannot be used to explain the very low susceptibilities of salts of 
the 12-tungstocobaltocobaltiate anion, and in view of the isomorphism 
of salts of the two heteropoly anions, it is probable that the 
magnetic properties must be interpreted in the same fundamental terms. 
1. A. Abragam and Z.I. H. L. Pryce, Proc. Roy. Soc. (London), A206, 173 (1951). 
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susceptibility data reported by Bose for K2co(SOL) 2 •6H2o. It is probably 
also significant that the larger values of -9 are calculated for the 
preparations which contain the smaller proportions of excess cobalt. 
The same procedure can be extended to the subtraction from the "molar 
susceptibility" data not only of the susceptibility of tetrahedral cobalt, 
but also of the susceptibility attributed to cationic cobalt, in order to 
estimate the magnitude of the 11in:iependent 11 contribution from octahedral 
cobalt in the anion. Quantitatively significant values cannot be expected, 
because of the accumulation of experimental errors a.zxi errors involved in 
estimating the various corrections. However, even with considerable 
allowance far such errors, the curves plotted for the susceptibility of 
anionic octahedral cobalt vs. temperature (not illustrated) show 
inflections of the type observed when an antiparallel spin alignment 
occurs. This is true even for Preparation No. 2 of the ammonium salt, 
which shows the least dependence on the correction terms by virtue of the 
fact that it contains the lowest proportions of excess cobalt. 
It is therefore clear that the magnetic data cannot be interpreted in 
terms of three independent non-interacting types of Co(II) atoms. On the 
contrary, analyses of the data based on the assumption of independent 
paramagnetic contributions leads to several different imications of the 
presence of antiferromagnetic interactions - low effective magnetic 
moments, large negative Weiss constants, am j vs. T curves with maxima. 
(L) Antiferromagnetism and Ferrimagnetism 
(a) General Backgroun:h Salts of the 12-tungstomonocobaltate anions, 
discussed in earlier sections of this work, have been shown to be 
magnetically dilute, notonly in the sense of small molar proportions of 
paramagnetic elements, but also in the sense that the paramagnetic atoms 
1. A. Bose, Ind. J. Phys., ~' 276 (19L8). 
exert no influence on one another. Many compo'U.M s are known, however, 
in which atoms having unpaired electrons interact with neighboring atoms 
having unpaired electrons, in such a way as to lead either to parallel or 
to antiparallel spin alignment of the magnetic dipoles. Parallel alignment 
constitutes ferromagnetism; antiparallel alignment constitutes anti-
ferromagnetism. 
The possibility of antiferromagnetic interactions, and description 
of the corresponding magnetic properties, were first predicted on 
theoretical groUllds by Neel1• The first quantum mechanical treatment 
appears to have been given by Van Vleck2• Both experimental and 
theoretical aspects of the subject have been very much extended and 
developed in recent years, and a voluminous literature is to be foUlld. 
The references given belo~-7, and throughout this section, have been 
selected somewhat arbitrarily from the vast number of papers and review 
articles dealing with these phenomena, although an attempt has been made 
to emphasize the more fumamental work. The brief review below is based 
on the references quoted. 
The form of magnetic exchange interactions can be given as -Js1•s2, 
where s1 and s2 are the spin angular momenta of the interacting ions, 
and J is the exchange coupling constant (sometimes referred to as the 
exchange integral). In the simplest case, that of two interacting ions 
each having s • 1/2, the interaction gives rise to a number of orbital 
levels, eaCh having spin degeneracy (2s+l) 2 • L. In zero magnetic field, 
1. L. Neel, Ann. Phys. Paris,lB, 6L (1932); 5, 256 (1936); 3, 127 (19L8). 
2. J. H. Van Vleck, J. Chern. Pnys., 9, 85 (l~Ll). -
3. A. B. Lidiard, Repts. Prog. Phys.; 17, 201 (195L). 
L. P. w. Anderson, Phys. Rev., 79, 350;-705 (1950); 115, 10 (1959). 
5. w. P. Wolf, Repts. Prog. PhyS., 2L, 212 (1961). -
6. s. Smart, Am. J. Phys., 23, 356 TI955); Rev. Mod. Phys., 25, 327 (1953). 
1. J. Smit and H. P. J. Wijil,' "Ferrites", Philips Technologi'Cil Library, 
John Wiley and Sons, Inc., New York, 1959. 
the exchange interaction partially lifts the degeneracy, splitting each 
level into a diamagnetic singlet level and a paramagnetic triplet level. 
The singlet-triplet separation is defined as J. If J is positive, the 
triplet lies lower and the interaction produces ferromagnetism. If J 
is negative, the singlet lies lower and the interaction produces anti-
ferromagnetism. (It should be pointed out that the form -2Js1•s2 is also 
sometimes used for the exchange coupling energy, giving a singlet-triplet 
separation of 2J. It is therefore necessary to note the definition of J 
as well as the reported values of J.) 
At kT values very much greater than J, the presence of exchange 
interactions is manifested in the magnetic behavior of a substance by 
finite values of e in the Curie-Weiss equation, j• C/(T - Q). (Other 
means of detecting and studying such interactions are also available, 
including paramagnetic resonance studies1 ' 2 and, in favorable cases, 
neutron diffraction3.) Ferromagnetic substances exhibit positive values 
of e, a:r:rl antiferromagnetic substances negative values of 9. In the high 
temperature region, the magnetic moments of systems with either ki:r:rl of 
interaction, as given by the Curie-Weiss law, are very similar to the 
magnetic moments of compounds of the component elements without inter-
action - i.e., the values of c, deduced from the slope of a 1/fA vs. T 
plot in the high temperature range, are the same as the values of C for 
non-interacting systems. For first row transition metals, for example, 
the values of C are usually close to those expected for "spin-only" 
magnetic moments. At kT values low with respect to the value of J, most 
of the paramagnetic ions are in the ground state. In the case of 
1. F. W. Lancaster and w. Gordy, J. Chem. Phys., 19, 1181 (1951). 
2. H. Stotz et al, J. Appl. Phys., 32, 2185 (1961}: 
3. C. G. Shull and E. O. Wollan, 11SO'Iid State Physics", Vol. 2, F. Seitz 
and D. Turnbull, Editors, Academic Press, New York, 1956, p. 138. 
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antiferromagnetic interaction, the ground state is a state of zero 
susceptibility (except fer contributions from the temperature-irrlependent 
terms), and so the susceptibility decreases at low temperatures, after 
passing through a maximum. The temperature of maximum susceptibility is 
generally called the Neel temperature TN (or sometimes the Curie 
temperature Tc), and is a characteristic property of a given substance. 
(Since the conditions for positive exchange interaction are very 
critical1, ferromagnetism is a phenomenon limited to relatively few 
compounds, and will not be discussed further.) 
The classic examples of antiferromagnetism are drawn from the group 
of transition metal oxides and mixed oxides and, to a lesser extent, 
from transition metal halides. These are examples of compounds having 
lattice interactions, in which each paramagnetic ion interacts with its 
several paramagnetic neighbors, each of which in turn interacts with its 
paramagnetic neighbors. Thus lattice interactions belong to the category 
of cooperative phenomena.. Interactions of this type produce long-range 
ordering, which can be analyzed into complex patterns of interpenetrating 
sub-lattices, each of which contains atoms with only a single direction 
of spin alignment. Such substances characteristically have sharply 
defined Neel temperatures (where long-range antiparallel ordering of 
spins sets in). Below TN, the susceptibility is dependent on magnetic 
field strength. It has been Shown that the relationships between e, TN 
and J depend particularly on the numbers of neighbors with which each 
ion interacts, but also upon the relative strengths of nearest-neighbor 
and next-nearest-neighbor interactions. Thus for lattice antiferro-
magnetics, correlations deperrl in part upon crystal structures. 
1. E. c. Stoner, "Magnetism and Matter 11 , Methuen and Co., Ltd., Loooon, 
1934, pp. L28-L3o. 
Un1er some circumstances, however, exchange interaction produces 
saturation in small groups of paramagnetic atoms, rather than long-range 
order1• Some authors prefer not to call such behavior antiferromagnetio, 
but since the nature of the interaction is the same in both cases, it 
seems appropriate to designate it as intra-ionic (or intra-molecular) 
antiferromagnetism., thereby distinguishing it from lattice antiferro-
magnetism. In cases of intra-ionic antiferromagnetism, and particularly 
for compounds of elements with large spin moments, TN may be ill-defined, 
in which case the susceptibility maxiJilum is very broad, am it is only 
at temperatures very much higher than TN that Curie-Weiss law behavior 
is observed. 
For intra-ionic antiferromagnetism. in binuclear complexes in which 
both paramagnetic ions are ident;ical, several simplifications of the 
general treatment can be ma.de2• For complexes containing two ions of 
2 
equal spin moment s, the ground state contains (2s+l) levels, the 
lowest being a singlet and the highest being a level of ( 2S+l) degeneracy 
separated from the ground level by S(S+l)J/2. (S may take all integral 
values up to and including 2s, the maximum total spin angular momentum 
for the pair of ions.) Expressions for the magnetic susceptibility as 
a function of temperature have been derived for several different; values 
of s3. 
Some attention has been directed to the mechanisms of exchange 
interactions, which appear to be loosely related to the .magnitme of J. 
For example, direct overlap of metal d-orbitals {metal-metal bon:ling) 
generally leads to large negative values of J, but the magnitude of J is 
greater in cases where greater overlap is possible. Thus for [Cr(<X>CCH3) 2]2, 
1. c. J. Garter, Rev. Mod. Phys., 25, 166 (1953). 
2. H. Kambe, J. Phys. Soc. Japan, ;";' liB (1950). 
3. A. Earnshaw am J. Lewis, J. Chern. Soc., 1961, 396. 
-
-1 (1) 1 (2) 
-J ~ 700 em. , while for [Cu(OOCCH3) 2]2, -J is "'315 em.- • Like-
wise, for complexes in which the interaction must proceed through an 
intervening anion such as an oxide ion (via the superexchange mechanism3,L, 
for example), -J is much larger when the M-0-M bond angle is 180°, as in 
[cl_,au-O-RU}l5rL (.5) or [ (m:3)5cr-O-Cr(m3)5rf-L (6), than it is when 
M-D-M h~s a bent configuration, as in [ (phen)LCr(OH) 2cr(phen)Lrtl, (6). 
It is appropriate to mention here that evideme has also been obtained 
for interactions which proceed through two intervening atoms, as predicted 
originally by N6el. Such a case is provided by the ammonium and potassium 
saJ.ts of [IrC16]-
2
, for which J values of -5 am -8 em. -l respectively 
were deduced with excellent agreement from studies of both paramagnetic 
resonance epectra7 and magnetic susceptibility8• 
Exchange behavior has also been discussed in terms of numbers and 
kinds (tg or e) of unpaired electrons on the interacting atoms and in 
terms of the crystal field geometries around the interacting ions 
(insofar as they relate to bom angles)9-ll, but no general theory seems 
to have evolved as yet. 
Several trinuclear complexes have also been investigated. The magnet-
ic data12,l3 for those containing either three Fe(III) or three Cr(III) 
atoms have been interpreted and partially explainedlL,l5 in terms of three 
1. w. R. King and c. s. Garner, J. Cham. Phys., 18, 689 (195'0). 
2. B. Bleaney, Rev. Mod. Phys., 25, 161 (1953). -
3. H. A. Kramers, Physica, 1, 18'2"'"(193L). 
L. P. w. Anderson, Phys. Rev., 79, 350 (1950). 
5. J. D. Dunitz and L. E. Orgel;-J. Chem. Soc., 1953, 25'9L. 
6. A. Earnshaw and J. Lewis, J. Cham. Soc., 1961;-J9'6. 
7. Griffiths, Owen, Park and Partridge, Proc:Toy. Soc. (London), A2$0, 
8L (195'9). ----
8. Cooke, Lazenby, McKim, Owen and Wolf, Proc. Roy. Soc. (Lomon), A2$0, 
97 (195'9). ----
9. E. o. Wollan, Phys. Rev., 117, 387 (1960). 
10. T. N. Casselman and F. Ke.f'fir, Phys. Rev. Letters, L, L98 (1960). 
11. Wickham and Goodenough, Phys. Rev., 115', 115'6 (195'91. 
12. L.A. Welo, Phil. Mag. [7], 6, L81 (~8). 
13. G. Folx, Tsai and Wucher, Coiiiptes Rend., 233, lL32 (195'1). 
l.L. J. l'von, J. Horowitz and A. Abragam1 Rev.~. Phys., 25', 163 (195'3). 15'. H. Kambe, J. Phys. Soc. Japan, 2_, Lt1 (195'0). -
exchange interactions, one be~ different from the other two. This 
brings up the general subject of possible spin-ordering arrangements. In 
cases where all of the interacting ions have the same spin, and where 
the interaction involves pairs of ions or pairs of lattices, the only 
possible arrangements of spins are those in which the irxiividual spin 
vectors are either parallel or opposed, and the only possible groun:i 
state (for negative exchange interactions) is the diamagnetic state. 
Numerous other categories of antiparallel spin alignments exist, however, 
and most of the substances which .fit into categories exhibit a behavior 
called ferrimagnetic. 
Ferrimagnetism is a special case o£ antiferromagnetism. Like all 
anti.ferromagnetism, it involves negative exchange interactions which 
result in opposed arrangements o£ spin vectors in the ground state, a.rii 
it is manifested by negative values o£ e in the Curie-Weiss equation .for 
magnetic susceptibility. It is distinguished from other antiferro-
magnetism by the .fact that it leads to .ferromagnetism at lower temperatures. 
In lattice interactions, this occurs because the groum state spin-
ordered arrangement has a net magnetic moment, deriving from the non-
equivalence o£ the sublattices. Since non-equivalence may arise 
because: (1) the paramagnetic ions on the different sublattices have 
different spin moments, or (2) more paramagnetic ions (frequently of 
two or more different elements) are located on one type o£ sublattice 
than on a second type of sublattice, or (3) a second weaker negative 
exchange interaction, encompassing only some of the ions, is involved. 
The ground state spin-ordering arrangements .for these cases may be 
schematized as .follows, where ~ and M2 represent the magnetic moments o£ 
two different sublattices, am M represents the net magnetic moment: 
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M M M 
(The last arrangement, of ccnrse, is antiferromagnetic.) All of these 
arrangements have been verified by low temperature neutron diffraction 
studies. 
The 1/JM vs. T curve of a typical ferrimagnetic substance has been 
called a 11Neel hyperbola". It is asymptotic to a line having slope c 
(where C is the sum of the Curie constants for each gram-atom of each 
paramagnetic element) am intercept 8 (on the T axis). Near the 
temperature at which spontaneous magnetization sets in, the susceptibility 
increases sharply and 1/1- falls rapidly to zero. The point of intersection 
of 1/'/- with T is the Curie temperature, T0• Below Tc, the substance is 
ferromagnetic. 
The longest-known class of ferrimagnetic compounds are the ferrites, 
which are transition metal mixed oxides having the spinel structure and 
general formula AB2oL, in which A is a tetrahedral metal site and B is 
an octahedral metal site. (The negative exchange interaction takes place 
between the A-site lattice and B-site lattice.) However, numerous other 
classes of compounds have been found to be ferrimagnetic. 
It appears that no detailed st'lliies have been made of substances 
in which intra-ionic negative interactions occur between pairs, or 
among small-number sets, of ions of unequal spin. Several mixed trinuclear 
complexes containing both Fe(III) am Cr(III) undoubtedly belong to this 
category. Their high temperature susceptibilities; which imicate 
large negative values of e, have not as yet been interpreted theoretically 1 
1. L. A. Welo, Phil. Mag. [7], ~~ L81 (1928). 
and their magnetic behavior at very low temperatures has not yet been 
investigated. It is probable, however, that the exchange interaction 
would lead to a large reduction in total spin moment, but that there 
would be no long-range ordering of the resultant moments at low temperature -
i.e., the substances should exhibit the normal paramagnetic behavior 
characteristic of the total number of spins at high temperatures, am the 
normal paramagnetic behavior characteristic of a system with a smaller 
number of spins at low temperatures, but they should not exhibit low-
temperature ferromagnetism. 
(b) Antiferromagnetism in 12-Tungstodicobaltoates: Each 12-tungsto-
dicobaltoate anion contains one spin-free, tetrahedrally coordinated Co{n) 
atom ani one spin-tree octahedrally coordinated Co(II) atom separated 
by at least two oxygen atoms of the W-0 heteropol.y .framework. If it is 
presumed that a negative exchange interaction takes place between the two 
cobalt atoms in each heteropoly anion , arrl if it is further assumed that 
the Hamiltonian for the interactions is given by H • -2Js1•s2, then the 
corrected gram-atomic susceptibility (which equals one-half the corrected 
molar susceptibility) Should be given by the following expression1 : 
g2N~2 { ~2+15exp{6x)+Jexp{l0x) ] 
'f.-A • Jk'r 7+5exp(6x)+3exp{l0x)+exp{l2x) (VI-5) 
'Where x • -J/lfl. {By this definition, the singlet-triplet separation is 
given by 2J, am the overall separation between the singlet groun:i state 
and the highest level is 12J.) 
For each set of measureaents on each 12-tungstodicobaltoate salt, 
10 to 15 molar susceptibility data were selected so as to represent the 
entire temperature range over which measurements were made. Those data 
1. A. Earnshaw am J. Lewis, J. Cham. Soc., 1961, 396. 
were corrected as described (vide supra) for the underlying diamagnetism 
of all of the atoms in the compound, for the temperature-independent 
paramagnetism of octahedral and tetrahedral Co(II) atoms, and for the 
paramagnetic susceptibility of excess cationic cobalt. The resulting 
values, whicll. represented the corrected molar paramagnetic susceptibilities 
of both cobalt atoms, were divided by two to give the average gram-atomic 
susceptibility per cobalt atom. These values were then fitted to 
Eqn. VI-5 above, to obtain the best values of J am g in each case. 
For each salt preparation, the best values of J and g are given in 
the following pages, aJ.ong with tables of the 'f.,A values deduced from the 
experimental data (as described above) am the -fA values calculated from 
Eqn. VI-5 for those values of J and g, at each of the l0-15 temperatures. 
In every case, the difference between experimental and calculated 
susceptibilities is smaller than 1%. Fig. VI-L shows the results for 
the potassium salt, plotted in terms of jAT vs. T. (The jAT vs. T curve 
is more sensitive to differences between experimental and calculated 
values than is the more conventional Ji vs. T graph.) 
The theoretical relationship between J and 9 can be derived from 
Eqn. VI-5. Since e is by definition the intercept of the slope of the 
high temperature region of the 1/'/- vs. T curve, 9 may be obtained from 
the susceptibility expression by assuming the condition kT»J (i.e., 
x « 1) • This allows replacement of all the exponential. terms exp (ax) 
by (l-ax). By making this substitution and by assuming that terms 
involving all higher powers of x may be ignored, the following expression 
was obtained: 
(VI-6) 
It was i:rxiicated in Chapter V that the susceptibility for transition metal 
Table VI-1. Antiferromagnetism in Ammonium 12-Tll!l;§stodicobaltoate, 
Preparation No. 1 
J • -6.7 cm.-1; g • 2.J.,o_3 : 
T 1-' fA ~·T fAT A A 
(OX:.) (obs•d, (calc) (obs) (calc) 
corr•d) 
297.8 .00825 .00831 2.1.,51 2.1.,73 
269.2 .00905 .00910 2.1.,36 2.1.,50 
235.8 .01021., .01021., 2.1.,15 2.1.,15 
209.1 .01137 .01135 2.381., 2.380 
188.2 .0121.,6 .0121.,6 2.31.,5 2.31.,1., 
160.6 .011.,27 .011.,22 2.293 2.281., 
11.,3.9 .01553 .01551., 2.235 2.237 
123.1., .01761 .01752 2.173 2.162 
103.2 .02007 .01998 2.070 2.061 
91.,.0 .02137 .02138 2.009 2.001 
92.3 .0211.,7 .02155 1.982 1.991., 
85.3 .02269 .02268 1.935 1.931., 
80.8 .0231.,2 .0231.,5 1.893 1.895 
80.6 .0231.,1., .0231.,8 1.890 1.893 
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Table VI-2. Antiferromagnetism in Ammonium 12-Tungstodicobaltoate, 
Preparation No. 2 
J • -1.0 cm.-1; g • 2.38_~ : 
T f.' f-A ~'T , f-AT A A 
(OJc.) (obs•d, (calc) (obs) (calc) 
corrtd) 
295.2 .00816 .00815 2.~09 2.~07 
262.6 .00909 .00910 2.388 2.389 
225.8 .01039 .010~0 2.3~6 2.3~7 
201.5 .ollla .011119 2.311 2.315 
179.1 .01265 .01267 2.265 2.269 
~1.3 .01~8~ .0~86 2.185 2.188 
127.1 .01660 .01665 2.110 2.117 
111.8 .01826 .01830 2.0~2 2.0~6 
90.9 .02103 .02106 1.912 1.9~ 
80.3 .02278 .02273 1.828 1.82~ 
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Table VI-3. Antiferro~netism in Potassium 12-T~stodicobaltoate 
J • -7.6 em. -1 ; g • 2.373 : 
T 1' A 'fA ;i'T A /AT 
(otr.) (obs'd, 
corr•d) (calc) (obs) (calc) 
295.1 .00809 .00809 2.39L 2.393 
263.8 .0089.5 .oo89L 2.361 2.358 
202.9 .01122 .01123 2.276 2.279 
201.6 .01130 .01130 2.278 2.277 
180.2 .Ol2L2 .o12Ll 2.237 2.23.5 
159.7 .01366 .01367 2.181 2.183 
1L0.3 .Ol.51L .01511 2.12L 2.120 
112.9 .01779 .01769 2.008 1.998 
98.1 .Ol9L9 .Ol9L2 1.912 1.906 
81.3 .02162 .02172 1.757 1.766 
8o.L .02182 .02185 1.155 1.757 
8o.o .02187 .02191 1.7.51 1.753 
Fi§ure VI-4 
Test of the Intra-ionic Interaction Equation for 
HyCrated Potassium 12-Tungstodicobaltoate. 
--. I-AT as a function of T, calculated for 
Eqn. VI-5 with: J • -7.6 cm.-1, g • 2.373• 
() • jAT observed for hydrated potassium 12-tungsto-
dicobaltoate. 
(jA • average paramagnetic susceptibility 
per anionic Co(II) atom, deduced by 
correcting the observed "molar suscepti-
bility" data for temperature-irxlepement 
paramagnetism of tetrahedral am octa-
hedral Co( II), paramagnetism of excess 
uncomplex~ Co( II) , and diamagnetism of 
all atoms.) 
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ions lihich follow the Curie law is given by Ntfg2S(S+l)/3Ier. For those 
compounds of transition metal ions which follow the Curie-Weiss law, 
the susceptibility should be given by N~2g2S(S+l)/31Cr(T-9). By analogy 
with Eqn. VI-6, it is clear that 8 • 5J/2k. For the deduced values of J 
(all near -7 em. - 1), 8 is predicted to be about -25°K. This value is in 
satisfactory agreement with the values obtained by extrapolation of the 
1/X. vs. T curves, which were -22°, -27°, am -350X:. The probable 
aplanation for the larger negative value obtained for the potassium 
salt (for which J was calculated to be -7.6 em. -l) is that the extrapolation 
was not made from a high enough temperature range. 
Further, it was deduced1 that the maximum susceptibility should occur 
at x • 0.33 (to a first approximation) - i.e., TN"" 31JI /k. This result 
was obtained by differentiating Eqn. VI-5 with respect to T, am equating 
the derivative to zero. Because the resulting expression could not be 
solved explicitly for x, x was approximated graphically in conjunction 
with hand computation. In accordance with the expression for TN and the 
deduced values of J, it is predicted that the j.v;.T curves for all three 
12-tungstodicobaltoate salt preparations should emibit maxhu in the 
vicinity of 30~. 
It is gratifying that the J and g values for the three different 
preparations of 12-tungstodicobaltoate salts show such good general 
agreement. It is probable that the small differences in deduced J and g 
values can be attributed in part to inaccuracies in the jA values deduced 
f'rom the experimental data. Both experimental and calculational uncertain-
ties have been described. Relative to the problem of correcting for 
excess cobalt, it is pertinent that the order of increasing magnitude of 
interaction parameters does not tollow the order ot increasing proportion 
1. w. F. Simmons, Private c01Dl1m11ication, 1.963. 
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of excess cobalt, as it might be expected to do if the applied corrections 
were appreciably in error. 
It should be pointed out that the values of j. deduced from experimental 
A 
data are open to question on other groums, for the procedure by 'Which 
they were calculated involves the assumption that the two Co atoms in 
each anion can be considered equivalent, and that the ground states for 
both Co atoms are orbitally non-degenerate. It has been shown above that 
the difference in groum state orbital degeneracies for Co in the two 
different crystal fields has a considerable effect on the magnetic 
properties of the ion in absence of exchange interaction. For that 
reason, this model of exchange interaction can only approximately represent 
the actual situation in the 12-tungstodicobaltoates. 
In interpreting the magnetic properties of polynuclear complexes 
contai:ni~ paramagnetic atoms of only one element in equivalent sites, 
it is usually assumed that the interaction itself places the interacting 
ions effectively into S states1 (i.e., the s1 •s2 interaction is assumed 
to weaken the s1·~ am s2•12 interactions, reducing the orbital 
contribution) • The cal.culated results frequently show, however, that 
the orbital contribution cannot be completely neglected2,3. In favorable 
cases, where the orbital contribution is small in correspoming mono-
nuclear complexes (octahedral Cr(III) or Fe(III), tetrahedral Co(II), 
etc.), this makes little difference to the interpretation of exchange 
interactions. But octahedral Co(II) complexes involve comparatively 
large orbital moments, a fact 'Which considerably complicates the detailed 
analysis of magnetic data for evidence of antiferromagnetism. 
1. H. Kambe, J. Phys. Soc. Japan, 5, h8 (1953). 
2. A. Earnshaw and J. Lewis, J. Chim. Soc., 1961, 396. 
3. J. Lewis and B. N. Figgis in "Modern CoorOl'ii&tion Chemistry", J. Lewis 
am R. G. Wilkins, Editors, Interscience Publishers, Inc., New 
York, 1960, p. h35ff. 
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For the three salts or the 12-tungstodicobaltoate anion, the average 
effective g (2.38) deduced from the fit of the data to Eqn. VI-5 is 
roughly equal to the average or the effective g for the tetrahedral Co 
complex (deduced in this work) and the effective g for octahedral 
[Co(H20) 6 ]+
2
• Since this suggests that the orbital contribution of 
octahedral Co(II) is not altered much by the interaction, it may be that 
a significant; portion of the deviation f'rom Curie-Weiss law behavior 
observed for the heteropoly salts derives from this source. In that 
case, the deduced J values may be overestimated and the exch~e inter-
action may be somewhat smaller than implied, although the arguments 
presented in part 4-b(J) above make it clear that an exchange interaction 
is almost certainly involved. 
It is well-established that the level scheme for octahedral Co(II) 
is highly sensitive to small differences in the symmetry of the crystal 
field112• It has been shown (parts 3 am 4-a above) that the field 
in 12-tungstodicobaltoate anions 
around octahedral Co(II)" is very probably' distorted. The combined effect 
of lower symmetry fields and spin-orbit coupling can cause splittings 
much larger than kT, and that in turn could decrease the dependence of 
the magnetic moment or octahedral Co(II) on temperature in the absence 
of exchange interactions. This decreases the pertinence or the 
reservations expressed in the previous paragraph and strengthens the 
interpretation that the J values are probably close to those estimated. 
This problem could be pursued by a stmy of the magnetic properties 
of crystalline salts or the 12-tungstocobaltosilicate anion, for which 
the spectral evidence also points to distorted symmetry about octahedral 
Co(II), but in which there can be no complicating intra-ionic exchange 
inlier actions. 
1. R. Schlapp am W. G. Penney, Phys. Rev., 42, 666 (1932). 
2. A. Abragam and M. H. L. Pryce, Proc. Roy.,oc. (Lomon), A206, 173 
(1951). ----
5. The 12-Tungstocobaltocobaltiate Anion 
a. Absorption Spectrum in Solution 
The absorption spectrum of ~[co+2o6co•3o~w12o32 ], dissolved 
in a buffer solution having pH • 7, is shown in Fig. IV-15, and the 
portion of the spectrum corresporr:iing to the crystal field spectrum of 
the derivative 12-tungstocobaltiate anion is shown in Fig. IV-16. 
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The spectrum shows a strootured continuous strong absorption in which 
the prominent bands of the Co(III)O~ spectrum are clearly discerned. The 
three main components of the crystal field band are located at the same 
wave numbers as in the spectrum of 12-tungstocobaltiate, showing that 
the detailed symmetry of the central tetrahedron of oxygen atoms must be 
closely the same in both ions. (The structure and width of the band 
were interpreted (vide supt"a) as evidence for static distortion of the 
central tetrahedron in [co+3o~w12o36J-5 .) 
The absorption bands caused by the octahedral Co in the anion cannot 
be unambiguously discerned, as they were in the spectrum of its isomorph, 
12-tungstodicobaltoate anion. The weak v1 band would be exceedingly 
difficult to detect under the strong crystal field bam of tetrahedral 
Co( III), while the v3 band is somewhat obscured by the charge transfer 
spectrum which starts at ... 13,000 em. -1• The very fact that the low-
energy charge transfer spectrum is observed even for very dilute solutions, 
however, demonstrates convincingly that the octahedral Co(II) atom 
remains in the anion when salts of the anion are dissolved. 
In view of the arguments already presented concerning the structure, 
the locations, and the symmetries of the two Co atom sites, it would not 
be expected that charge transfer would lead either to equivalence of 
electron density on the two Co atoms in each anion or to an equilibrium 
mixture containing any significant proportion of binuclear anions with 
Co(II) in tetrahedral sites and Co(III) in octahedral sites. The spectrum 
confirms this prediction and confirms that it is the tetrahedral cobalt 
atom which is in the +3 oxidation state. Each Co atom maintains its 
characteristic electron distribution, and the spectrum is, in part, a 
superposition of the spectra for the two individual Co atoms. The 
moderate intensification of absorption in the lower wave number range, 
compared to the absorption of the two component Co atoms, is a phenomenon 
which has been observed in other instances. The spectra of 12 M HCl 
solutions containing equal proportions of Fe(II) am Fe( In), and of 
solutions containing Cu(I), Cu(II), am Cl- in HClO~, show absorption 
bands characteristic of both component metal ions in the crystal field 
region, but in all cases the bands are considerably more intense than a 
simple additivity relationship would predict1 ' 2• These observations 
were interpreted as evidence for formation of weakly bonded binuclear 
complexes, wlich are stabilized to a small extent by delocalization of 
an electron in the excited state. Charge transfer spectra were not 
described for any of these solutions. 
While large numbers of dark-colored polynuclear complexes containing 
a s~le metallic element in more than one oxidation state are known, 
very little attention has as yet been given to the study ct'the inter-
actions which produce the intense broad absorption. The magnitude of 
the absorption itself constitutes something of an obstacle to spectro-
photometric studies. Other techniques hold promise. For example, a 
paramagnetic resonance study of the deep green complex ion 
[ (:m3)SCJo-Q-O-Co(m3)5J't5, which has a single unpaired electron, has 
shown3 that there is an equal density of unpaired electrons on both Co 
atoms. 
1. H. McConnell and N. Davidson, J. Am. Chem. Soc., 72, 3168, 5551 (19,0). 
2. J. E. Whitney and N. Davidson, J. Am. Cham. Soc.,"""Tl, 3809 (19~9). 
3. I. Bernal, E. A. V. Ebsworth and J. A. Weil, Proc.-ohem. Soc., 
1959, 57. 
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In the case of the 12-tungstocobaltocobaltiate anian, the charge 
transfer must involve the two Co atoms. This may be seen from the magnetic 
evidence (part 5-b below) am from the fact that comparable charge 
transfer was not observed in the spectra of any of the previously dis-
cussed 12-tungsto anions, which collectively represent the structural am 
chemical requirements for any other type of interaction which can be 
postulated. The interactions must proceed via an 0-W-0 bridge, or 
through two or more oxygen atoms not direct~ bonded to one another. 
(More than one of either type of bridge may be available, depeming on 
the nature of the attachment of the octahedral Co( II) group.) The path 
involving W atoms seems more favorable because of the availability of 
relatively low energy empty 5d-orbitals and because of the analogy with 
the reduced 11heteropoly blues" species. Analysis am interpretation of 
the charge transfer spectrum of 12-tungstocobaltocobaltiate am other 
mixed oxidation state complexes poses an interesting problem for the 
near future. 
b. Magnetic Properties 
The susceptibility data for hydrated potassium 12-tungstocobal.to-
cobaltiate, shown in Figs. V-6 am V-7, reveal that the compound is 
strongly paramagnetic at all temperatures between 80° and 320°K., but 
that the effective magnetic moment is much lower than expected for a 
system in which there is no interaction between unpaired electrons. One 
very remarkable aspect of the results is that the corrected susceptibil-
ities change by less than 10% when the temperature decreases from room 
temperature to liquid nitrogen temperature! The susceptibilities are 
indepement of field strength at all temperatures investigated. 
While it is clear that some type of antiparallel exchange inter-
action takes place, there appears to be no single mechanism which accounts 
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for the extraordinary particular magnetic behavior observed. As already 
described in several earlier sections, non-linear depemence of l/'f 
on T is not rare, and appropriate explanations are available for curves 
which are either concave or convex with respect to the T-axis. But the 
reciprocal susceptibility curve for potassium 12-tungstocobaltocobaltiate, 
before correction for excess cobalt, has an inflection point, and is 
concave at high temperature, convex at low temperature (with respect 
to the T-axis). The anomaly is not resolved, but intensified, when a 
correction for excess cobalt is applied in the same way as it was for the 
12-tungstodicobaltoate salts. In that case, the curve becomes a straight 
line of extremely small slope below --.~ 200~., and may or may not begin 
to fall again below l00°K. (See curves ttB", Figs. V -6 and V -7. The 
corrected susceptibility is of course particularly sensitive at low 
temperatures to the magnitude assumed for the susceptibility of cationic 
cobalt.) In view of the conclusion reached for the 12-tungstodicobaltoates, 
namely that the excess cationic Co is probably not significantly involved 
in the exchange interaction, it seems appropriate to assume that the 
same should be true for the iSomorphous 12-tungstocobaltocobaltiate anion, 
and to discuss the temperature-depen:lence of those susceptibilities 
calculated by applying the same types of corrections: for diamagnetism 
of all atoms, for temperature-imependent paramagnetism of octahedral Co(TI) 
and of tetrahedral Co( In), an:1 for normal paramagnetism of excess 
cationic Co(II). 
Because the depen:lence of 1/1- on T is not linear even for the 
highest temperatures of the temperature range investigated, it is not 
possible to est:il!late the value of e directly. Since Curie-Weiss law 
behavior is not foun:l even at room temperature, e must be fairly large. 
Its order of magnitude can be roughly estimated from the fact that, at 
sufficiently high temperatm.-es, the slope of the corrected reciprocal 
susceptibility cm.-ve should be 1/C, where C is the sum of the Cm.-ie 
constants for the two paramagnetic cobalt atoms. The Curie constant 
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for tetrahedral Co( ITI) in the binuclear heteropoly complex can be assumed 
to be the same as the Curie constant of the mononuclear Co(III) heteropoly 
complex (3.19), because of the structm.-al, chemical am spectral relation-
ships between the two complex anions. The CUt"ie constant for octahedral 
Co(II) is less predictable. It could be as small as 1.87 (corresponding 
to a "spin-only" moment), or even larger than 3.1 (corresporv.Ung to the 
larger-than-spin-only magnetic moments usually displayed by octahedral 
Co(n) compoUIXis at room temperature). By (a) rough]$ extrapolating 
the corrected 1/1 curve toward higher temperatures until its slope 
parallels the straight line defined for a Curie constant of 6.3 
(• 3.2+3.1), and (b) extrapolating the slope until it intercepts the 
T-axis, e is estimated to be of the order of -2000K. The same procedure, 
using the less probable Curie constant .5.1 ( • 3.2+1.9) leads to an 
estimated e of the order of -100~. Either value indicates a moderately 
strong exchange interaction, but higher temperature susceptibility data 
would be required in order to obtain a better estimate of the true magnitude 
of e. 
Possibly the most unusual aspect of the magnetic results is the fact 
that in the low temperature region, 1/j. is linear with T, but the curve 
-
has a slope so small that the susceptibility is practically independent 
of T. The indicated value of 9 for the low temperature range is "' -4.500~. 
(The value was obtained from the slope am intercept of a plot of 1/fT vs. 
1/T, as given by a rearranged form of the Curie-Weiss law: 1/j.T • 
1/C - (9/C)(l/T). This technique avoids the large errors involved in the 
extended extrapolation of a line having small slope, but it must be 
pointed out that the deduced value of e remains highly dependent on the 
correction for excess cobalt.) 
By analogy with the intra-ionic exchange interaction in 12-tungsto-
dicobaltoates, an anti-parallel alignment of the spins of Co(II) and 
Co( III) within each anion might be expected. The high temperature 
susceptibility allows such an interpretation. As the temperature decreases, 
the alignment should progress until all of the unpaired electrons of Co(II) 
are compensated. Since the room temperature solution spectrum indicates 
that Co(II) and Co(III) in the anion retain their characteristic electron 
distributions, a condition of complete anti-parallel alignment should 
leave one uncompensated electron on Co(III). Several general possibilities 
then arise, depeming primarily on the relative orientations of the 
anions in crystals. For the ki.rrl of structure deduced for potassium 
12-tungstocobaltocobaltiate, in which the orientation of the Cooct-Cotet 
direction of each anion is ram om within certain restrictions (see part 2 
above), normal paramagnetism corresponding to one unpaired electron might 
be anticipated at lower temperatures. For this model, the slope of the 
1/f, vs. T curve should remain constant or increase slightly with 
decreasing temperature until the alignment is essentially complete, where-
upon the slope should increase until it corresponds to the Curie constant 
for one unpaired electron. In fact, however, the susceptibility of potassium 
12-tungstocobaltocobaltiate does not increase rapidly enough with decreasing 
temperature to corroborate this simple model. 
There are several comitions which could cause the temperature-
dependence of susceptibility to deviate from that anticipated on the basis 
of the above model. (a) Thermal changes could effect small changes in 
crystal field symmetries and interatomic distances which might affect 
the magnitude of J. However, while it is possible that J might be a 
function of T instead of a constant, it is highly improbable that the 
change in J from this source could be great enough to account for the 
low temperature behavior. (b) Several substances which exhibit anti-
ferromagnetic behavior at high temperatures become ferrimagnetic after 
passing through a crystallographic transition1' 2• Their susceptibility 
curves are somewhat similar to the curve for 12-tungstocobaltocobaltiate 
with the exception that the curves for the ferrimagnetic substances 
turn down sharply. While the absence of a ferrimagnetic increase of 
susceptibility for the heteropoly anion at liquid nitrogen temperature 
can not prove that the anion does not become ferrimagnetic (Tc could be 
below the temperature range investigated), the accumulated evidence 
regarding the structure of the solids virtually eliminates the possibility 
of a transition whiCh would allow the necessary ordering. (c) With the 
onset of spin alignment, some of the anions acquire an overall net 
magnetic moment which may be partially oriented with respect to the 
Co(III)-co(n) direction. Structural arguments have shown that the 
arrangement of anions allows the octahedral cobalt groups of two adjacent 
anions to be contained in a single octahedral pocket. Packing considera-
tions favor an arrangement in which the two octahedral cobalt atoms are 
opposed across the center (or possibly across the long octahedral axis) 
of the octahedral pocket. It is coroeivable then that a second inter-
ionic exchange interaction could cause partial anti-parallel alignment of 
the net moments. As the intra-ionic anti-parallel alignment increases 
with decreasing temperature, the probability of inter-ionic interactions 
should increase rapidly. This model would lead eventually to typical 
1. F. K. Lotgering, Philips Res. Repts., 11, 190 (1956). 
2. L. N6el, Rev. Mod. Phys., 32, 58 (195317 
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arrtiferromagnetism at very low temperatures, or to fairly weak paramagnetism, 
depeming on the degree of' order of' the crystal structure. 
It is evident that interpretation of' the perplexing magnetic 
properties of' the 12-tungstocobaltocobaltiate anion requires, at a 
minimum, that the investigation of' magnetic properties be extemed to 
both higher and lower temperatures. The majority of' possible exchange 
interaction models (those described and others) could be eliminated 
simply by knowing whether the anion is paramagnetic, ferromagnetic, or 
anti.ferromagnetic at very low temperatures. It should also be possible 
to prepare the compound with lower proportions of' cationic cobalt, 
thereby simplifying the interpretation of' magnetic data. Further investiga-
tions of the low temperature magnetic properties of powders, am possibly 
also of single crystals, Should also provide information useful in 
further analysis of' the crystal structure. 
Run I: n H20 • 13.5 H20 
TIP for tetrahedral Co(II) • + L32 x lo-6 ega units 
o • - 588 x lo-6 cgs units 
The corrected molar susceptibilities may be obtained from the 
uncorrected data listed below by addition of 156 x lo-6 cgs units 
in each case. 
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All data are listed in the sequence in which they were recorded. 
For H • 1.~ kgauss. For H • 9.10 kgauss. 
T (°K.) 1061~1 T (°K.) 106fM 
296.1 1500 296.0 7511 
296.0 750L 296.0 7L96 
296.0 7L90 296.0 1505 
263.L 8L2L 263.5 8L29 
263.9 8L29 263.9 8L32 
2Lo.5 92LL 2Lo.7 92LO 
239.7 9302 239.9 9289 
210.6 10568 210.8 10586 
211.7 10527 211.8 10536 
187.0 119L2 187.3 119L3 
189.1 11792 189.3 11811 
156.5 lL3L3 156.8 lL307 
158.1 lL171 158.L lL15L 
129.L 17293 129.6 17223 
131.5 16965 131.8 16930 
205.7 10838 205.9 10850 
111.1 202L9 111.5 2016L 
113.5 19826 113.9 19762 
80.7 27926 80.7 27930 
81.9 27L92 82.2 27386 
BL.o 26872 8L.L 26727 
86.7 26013 87.0 25896 
Run II: n H20 • 13.5 H20 
TIP for tetrahedral Co(II) • + 432 x lo-6 cgs units 
d • - 588 x lo-6 cgs units 
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The corrected molar suaceptibilities may be obtained from the 
uncorrected data listed below by addition of 156 x lo-6 ega units in 
eac)l case. 
All data are listed in the sequence in ~ich they were recorded. 
For H • 7.61 kgauss. For H • 9.lo kgauss. 
T (°K.) l06jGM T (°K.) 106 "M 
298.8 7415 298.8 7415 
298.8 7433 298.8 7408 
298.8 7395 298.8 7400 
251.3 881.,1 251.1., 8831 
251.8 88o4 251.8 8798 
252.2 8798 252.3 8779 
201.2 11090 201.4 ll061 
202.1 11030 202.3 11012 
11.,0.9 15850 11.,1.1 15855 
142.3 15721 11.,2. 7 15682 
110.4 20336 110.6 20270 
112.3 19928 112.7 19898 
90.1 24933 90~5 24800 
92.6 24212 93.0 21.,096 
97.4 23023 97.7 22952 
99.6 22507 100.0 221.,21., 
169.2 13233 169.3 13201., 
170.2 13130 170.1., 13118 
Run I: n H20 • 13.4 H2o 
TIP for tetrahedral Co(II) • + 432 x lo-6 cgs units 
J • - 556 x lo-6 cgs units 
The corrected molar susceptibilities may be obtained from the 
uncorrected data listed below by addition of 124 x lo-6 cgs units 
in each case. 
All data are listed in the sequence in which they were recorded. 
For H • 7.61 kgauss. For H • 9.10 kgauss. 
T (<1c.) 106JGM T (°K.) 106fM 
296.7 7528 296.7 7532 
296.6 7531 296.6 7531 
260.4 8599 260.4 8606 
260.7 8603 260.8 8600 
237.7 9445 237.8 9426 
238.3 9393 238.4 9395 
239.3 9364 239.2 9355 
212.5 10531 212.6 10516 
213.7 10487 213.9 10464 
107.6 21033 107.9 20932 
109.9 20565 111.1 20268 
135.4 16601 135.7 16535 
137.2 16417 137.5 16356 
Run I Repeated: 
295.2 7585 295.2 7592 
295.4 1553 295.4 7572 
228.8 9815 229.0 9821 
229.6 9795 229.7 9797 
245.0 9164 245.1 9153 
245.6 9118 245.8 9126 
246.3 9105 246.4 9108 
103.2 2193L 103.7 21797 
106.5 21251 106.8 21154 
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Run II: n H20 • 12.8 H20 
TIP far tetrahedral Co{II) • + L32 x lo-6 cgs units 
6 • - 5L8 x lo-6 cgs units 
The corrected molar susceptibilities may be obtained from the 
uncorrected data listed below by addition of 116 x lo-6 cgs units 
in each case. 
All data are listed in the sequence in which they were recorded. 
For H • 7.61 kgauss. Far H • 9.10 kgauss. 
T ('1\.) l06j-M T (~.) lo6,x:,M 
239.7 931L 239.8 9319 
2Lo.L 931L 2Lo.5 9293 
2L9.7 89L9 2L9.7 8935 
201.8 llllL 201.9 llll2 
202.7 11065 203.0 11050 
176.1 12786 176.3 12762 
99.1 22863 99.6 22692 
101.5 22276 101.8 22171 
78.9 28623 78.8 28627 
78.2 28721 78.2 28723 
19L.l 11566 19L.L 115L5 
225.0 9955 225.2 99L6 
295.1 7580 295.2 75&J 
29L.3 7575 29L.l 7569 
L7o 
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Run III: n H20 • n.o H2o 
TIP for tetrahedral Co(II) • + ~32 x lo-6 cgs units 
d • - 525 x lo-6 cgs units 
The corrected molar susceptibilities may be obtained from the 
uncorrected data listed below by addition of 93 x lo-6 cgs units 
in each case. 
All data are listed in the sequence in which they were recorded. 
For H • 7.61 kgauss. For H • 9.10 kgauss. 
T (°K.) 106-fM T (°K.) l06iM 
297.~ 7532 297.~ 75~5 
297.~ 1553 297.~ 75~~ 
271.6 8262 271.6 826~ 
271.8 8262 271.9 8257 
228.3 9860 228.~ 98~8 
236.~ 9510 236.5 9512 
237.1 9b83 237.2 9~8~ 
208.0 10835 208.1 10832 
209.0 10781 209.1 10768 
202.1 11154 202.3 11159 
168.3 13411 168.5 13402 
169.7 13304 170.0 13287 
143.3 15758 143.6 1573b 
lb5.0 15583 lb5.2 15556 
127.4 17766 128.7 17554 
129.0 17530 
303.2 7422 303.2 7423 
303.2 7422 303.1 7428 
303.0 7412 303.0 7419 
189.5 11929 189.7 11916 
190.6 11836 190.8 11846 
137.5 16468 137.8 16443 
139.3 1626b 139.6 16226 
115.2 19677 115.6 19609 
117.0 19339 117.~ 19312 
85.5 26617 85.8 26~83 
87.6 25866 87.8 25800 
89.5 25352 89.8 25230 
91.5 24776 91.8 24670 
95.5 23681 95.9 23612 
98.0 23082 98.3 230~0 
107.6 21066 107.9 21013 
109.7 206b6 110.0 2058b 
132.2 17263 132.4 17244 
133.1 16996 133.4 16977 
203.3 11083 203.5 11062 
Run I: n H20 = 5.6 H20 
TIP for tetrahedral Co(III) • + 130 x lo-6 cgs units 
J • - L5L x lo-6 cgs units 
The corrected molar susceptibilities m~ be obtained from the 
uncorrected data listed below by addition of 32L x lo-6 cgs units 
in each case. 
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All data are listed in the sequence in which they were recorded. 
For H • 7.61 kgauss. For H • 9.10 kgauss. 
T (~.) 106_1M T (~.) 106 'fM 
296.1 10395 296.1 lOL23 
296.1 10399 296.1 lOL2o 
258.9 11951 258.9 119L8 
259.3 11923 259.L 11919 
235.6 13152 235.7 13163 
236.3 13119 236.L 13120 
207.5 lL970 207.7 lL968 
208.8 lL899 209.0 lL878 
180.6 172L2 180.8 17209 
182.5 17079 182.5 17053 
111.L 18160 171.6 18126 
113.3 27L66 113.7 27392 
115.9 26825 116.3 26770 
9L.9 32618 95.L 32L82 
97.6 31830 98.1 31680 
81.7 37987 81.8 37975 
82.8 37558 83.1 37L57 
1L7 .9 21oL6 l.L8.3 21008 
Run II: n H20 • 5.6 H20 
TIP for tetrahedral Co(III) • + 130 x lo-6 cgs units 
cf = - ~5~ x lo-6 cgs units 
The corrected molar susceptibilities may be obtained from the 
uncorrected data listed below by addition of 32~ x lo-6 cgs units 
in each case. 
All data are listed in the sequence in which they were recorded. 
For H • 7. ~ kgauss. For H • 9.10 kgauss. 
T (%.) 106JLM T (°K.) 106fM 
297.6 10364 297.6 10374 
297.6 10368 . 297.6 10366 
297.5 10365 297.5 1037~ 
261.9 11818 261.9 11822 
262.3 11789 262.~ 11801 
262.7 11775 262.8 11783 
23~-~ 13229 234.5 13214 
235.0 13180 235.2 13176 
202.6 15332 202.8 15326 
203.7 15246 203.9 152L9 
175.8 17706 176.0 1768~ 
177.0 17573 177.2 1155~ 
132.2 23559 132.5 23509 
133.8 2326~ 13L.o 2323L 
159.0 19592 159.2 19551 
1&:>.~ 19~05 160.6 19387 
113.9 273~7 114.2 27255 
115.9 26859 116.2 26795 
185.2 16811 185.3 16801 
186.5 16695 186.7 16661 
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APPENDIX IV. MAGNETIC DATA FOR (NH~) 8 [co06CoO~W12o32 J ·nH20 
(Prep. No. 1) 
n H20 • 19.1 H2o 
TIP for tetrahedral Co(II) t::t + ~70 x 10-6 cgs units 
TIP for octahedral Co(II) ~ + 150 x 10-6 cgs units 
o • - 678 x lo-6 cgs units 
The corrected molar susceptibilities may be obtained from the 
uncorrected data listed below by addition of -60 x lo-6 cgs units 
in each case, and addition of an appropriate correction for the 
paramagnetic susceptibility of 0.517 gram-ions of uncomplexed octa-
hedral Co(II) per gram-ion of binuclear heteropoly complex (as 
explained on pages 302-305 and ~36-~38). 
All data are listed in the sequence in which they were recorded. 
Run I: 
For H • 7.61 kgauss. 
297.8 
297.8 
268.8 
269.2 
235.1 
235.7 
209.7 
210.6 
188.2 
189.1 
160.5 
161.7 
121.8 
123.~ 
~3.9 
~5.5 
216.8 
217.6 
101.~ 
103.2 
80.8 
80.6 
83.2 
85.3 
92.1 
9~.0 
21598 
21568 
23672 
23683 
26859 
26761 
29691 
29530 
32558 
32382 
37316 
3708~ 
~~98 
ij599ij 
~056~ 
~0237 
28821 
28727 
53~09 
52703 
6252~ 
626oo 
61178 
60271 
5720~ 
56329 
For H • 9.lo kgauss. 
297.8 
297.8 
268.9 
269.2 
235.2 
235.8 
209.9 
210.8 
188.3 
189.2 
160.6 
161.8 
122.0 
123.7 
~~.1 
~5.8 
216.9 
217.7 
101.7 
103.1. 
80.8 
80.6 
83.5 
85.6 
92.3 
9~.3 
106~M 
216~1 
21636 
23727 
2375~ 
268~~ 
26771 
29693 
29553 
32571 
32~13 
37276 
3705~ 
~6456 
45981 
40515 
401~6 
28788 
28698 
53309 
52632 
62521 
62671 
61063 
6010~ 
57057 
5618~ 
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Rtm II: 
For H • 7. ~ kgauss. For H • 9.10 kgauss. 
T (°K.) 106;iM T (°K.) 106"1- M 
299.7 21398 299.7 211.,18 
299.7 21391 299.7 211!08 
299.7 21394 299.7 211.,04 
237.6 2~70 237.7 26451 
238.3 26345 238.4 26363 
164.5 36326 164.7 36247 
183.5 33110 183.8 33059 
184.8 32879 185.1 32868 
147.2 39730 l.JJ7. 4 39699 
148.5 39418 11,8.7 39378 
118.2 47117 118.5 47090 
119.9 46566 120.2 46572 
96.8 54548 97.1 54429 
99.1 53617 99.5 53502 
APPENDIX V. MAGNETIC DATA FOR (NHL) 8[coo6coOLWl2o32J •nH2o 
(Prep. No. 2) 
n H2o • 15.3 H2o 
TIP for tetrahedral Co(II) ~ + L70 x lo-6 cgs units 
TIP for octahedral Co(II) ~ + 150 x lo-6 cgs units 
J • - 6L5 x lo-6 cgs units 
The corrected molar susceptibilities may be obtained from the 
uncorrected data listed below by addition of -25 x lo-6 cgs units 
in each case, and addition of an appropriate correction for the 
paramagnetic susceptibility of 0.201 gram-ions of uncomplexed octa-
hedral Co(II) per gram-ion of binuclear heteropoly complex (as 
explained on pages 302-305 and L36-L38). 
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All data are listed in the sequence in which they were recorded. 
For H • 1. ~ kgauss. For H • 9.10 kgauss. 
T (°K.) lo6iM T ( °K.) 106fM 
295.2 18321 295.2 1835L 
295.2 18329 295.2 183L6 
262.1 20393 262.1 20L36 
262.6 20383 262.7 20399 
225.8 23292 225.9 23298 
226.5 23239 226.7 2320L 
235.9 22LOL 236.0 22Lo6 
201.5 25727 201.6 25728 
202.6 25571 202.7 25588 
178.0 28608 178.1 28L75 
179.1 2837L 179.3 28378 
228.9 22786 229.0 22806 
lL7 .1 33298 1L7 .3 33301 
l.L8.8 33019 lL9.1 33011 
127.1 37221 127.1 37271 
80.3 51693 80.1 51852 
19.9 518L2 79.9 51968 
90.L L7625 90.9 L7503 
109.3 Ll788 109.6 Ll7LL 
111.9 Llo68 112.L L0972 
n H20 • 13.8 H2o 
TIP for tetrahedral Co(II) ~ + L70 x lo-6 cgs units 
TIP for octahedral Co(II) ~ + 150 x lo-6 cgs units 
J • - 636 x lo-6 cgs units 
The corrected molar susceptibilities m~ be obta~d from the 
uncorrected data listed below by addition of~ 15 x 10':' cgs units 
in each case, and addition of an appropriate correction for the 
paramagnetic susceptibility of 0.298 gram-ions of uncomplexed octa-
hedral Co(II) per gram-ion of binuclear heteropoly complex (as 
explained on pages 302-305 and L36-L38). 
All data are listed in the sequence in which they were recorded. 
For H • 7.61 kgauss. For H • 9.10 kgauss. 
T (°K.) lo6t-- M T (Oy{.) 106)G M 
295.7 19lL6 295.7 19182 
295.7 19159 295.7 19191 
295.7 19100 295.7 19152 
263.8 21191 263.9 21200 
26L.3 21129 26L.3 21175 
2o1.L 26819 201.6 26779 
202.7 266lL 202.9 26583 
2L5.7 22331 2L5.8 223lL 
2L6.3 223LO 2L6.L 22297 
180.0 29LL1 180.2 29L2o 
181.5 29231 181.7 29156 
159.7 32378 16o.o 32L03 
161.3 32171 161.5 32lL9 
lL0.3 35900 lL0.5 35871 
lL2.0 35596 lL2.L 35508 
112.6 L239L 112.9 1:,2315 
llL.7 Ll802 115.0 Ll7L3 
132.L 37L82 132.7 37LL8 
13h.2 37ll2 13L.5 37079 
98.1 L6555 98.L L6390 
100.1 L5832 100.3 L5782 
8o.L 5276L 80.3 52868 
8o.o 52909 80.0 52959 
81.1 523L7 81.3 52231 
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n H20 • J.L.3 H20 
TIP for tetrahedral Co(III) = 130 x lo-6 cgs units 
TIP for octahedral Co(II) ~ 150 x lo-6 cgs units 
J • --610 x lo-6 cgs units 
The corrected molar susceptibilities may be obtain~d from the 
uncorrected data listed below by addition of ~330 x 10- cgs units 
in each case, and addition of an appropriate correction for the 
paramagnetic susceptibility of 0.108 gram-ions of uncomplexed octa-
hedral Co(II) per gram-ion of binuclear heteropoly complex (as 
explained on pages 309, ~62, 302-305, and ~36-L38). 
Run I: 
Far H = 7.61 kgauss. For H • 9.lo kgauss. 
T (~.) 106 :X-M T( °K.) 106~M 
296.7 13296 296.7 1329~ 
296.7 13276 296.7 13312 
296.7 13267 296.7 13288 
270.9 13813 271.0 13707 
271.3 1369L 271.3 13710 
2~7.9 l.L035 2L8.o l.L036 
2L8.L lLOl2 2L8.5 l.L032 
222.L lL352 222.6 1L368 
223.3 l.L332 223.5 1L377 
179.L 1L80l 179.6 lL795 
180.7 l.L765 180.9 lL783 
196.9 l.L653 197.0 l.L625 
198.0 lL621 198.2 lL636 
203.1 lL588 203.2 lL59L 
2lL.o 1LL98 2l.L.1 1.LL60 
2l.L.9 lLL6~ 215.0 1LLL6 
232.0 l.L2L6 232.1 l.L2L3 
232.9 lL211 233.0 lL228 
312.7 12976 312.6 13011 
312.3 12982 312.3 13013 
296.2 13312 296.2 13321 
296.1 1330L 296.1 13317 
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165.6 lL932 165.8 l.L924 
167.0 l.L933 167.2 l.L918 
150.8 15089 151.0 15109 
152.3 15071 152.6 15084 
128.8 15410 129.0 15400 
130.4 15343 131.0 15345 
ll0.1 15673 no.~ 15686 
18.9 16863 78.7 16886 
78.3 16916 78.2 16928 
85.6 16528 86.0 16508 
99.2 16017 99 .. 6 15987 
81.1 16665 81.1 16721 
83.8 16584 84.2 16589 
87.4 16460 87.8 16500 
91.1 16294 91.~ 1628~ 
95.1 16102 95.3 16166 
100.7 15961 101.0 159~1 
10~.8 15823 105.2 15837 
109.7 15753 ll0.1 15707 
Run II: 
297.6 13233 297.6 13246 
297.6 13230 297.6 132~0 
297.6 13248 297.6 13251 
235.9 l.L121 236.0 l.L123 
236.6 l.L108 236.7 l.L108 
183.1 l.L711 183.3 l.L697 
184.1 l.L662 184.3 l.L672 
132.6 15302 132.8 15291 
134.3 15268 134.6 15267 
101.7 16063 102.1 1602~ 
103.6 15964 104.o 15968 
79.~ 17036 79.3 17035 
79.2 17026 79.2 170~5 
79.1 17006 79.1 17038 
79.9 17021 80.1 16996 
82.7 1682~ 83.0 16818 
85.7 16677 
88.6 16570 89.0 16583 
92.3 16358 92.6 16356 
95.8 16211 96.1 16233 
99.1 16120 99.4 16120 
103.3 15959 10).6 16oOO 
107.0 15866 107.3 15873 
111.3 15710 111.5 15730 
1l.L.8 15623 115.1 1565~ 
119.3 15549 119.6 15558 
123.0 15486 123.3 15479 
125.0 15433 125.3 15456 
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APPENDIX VIII. MAGNETIC DATA FOR HgCo(NCS)4 
As explained in Chapter II, pages 101-10~, the results of magnetic 
measurements on a single analyzed sample of mercuric tetratbiocyanato-
cobeltoete, made over a range of temperatures, did not correspond to the 
temperature-dependence reported1 for the magnetic susceptibility of that 
compound. The difference between the expected and the observed variation 
of susceptibility with temperature was such as to make the substance unsuit-
able for calibration purposes in this work. The data obtained for the 
compound are listed below, as molar susceptibilities calculated with 
reference to Ni(NH4) 2(S04)2·6H20 as calibrant. The calculations were based 
on the actual chemical analysis, and pertain to one gram-atom of cobalt. 
The measurements made in this work were the first in which the sample of 
HgCo(NCS)4 used had been analyzed for cobalt. 
The date are given because they will permit other magnetic data which 
have been accumulated and evaluated with the use of HgCo(NCS)4 as a reference 
standard to be approximately converted to the basis of Ni(NH4)2 (s04)2•6H20 
as reference standard. Fairly accurate data conversion to the letter 
standard might be possible in e. case where the HgCo(NCS)4 used was or could 
be analyzed for cobalt (see pages 141 and 114ff for analytical details). 
The results for measurements made between 79° and 102°K. are included 
below, although they are of somewhat lese significance then those for the 
temperatures above 1020X. A small quantity of ice crystallized on the 
suspension chain (and possibly on the sample tube) during the period in 
which measurements were made below 1020[. As explained in Chapter II, 
crystallization of ice affects the warming rate of the sample tube, and 
causes the sample temperature to differ somewhat from that interpolated 
from the thermocouples in the cryostat wall. The temperature discrepancies 
were probably smaller for those measurements made while liquid nitrogen was 
actually circulating through the cryostat (79-800K.) then for the other 
measurements made below 102°K. 
For those reasons, as well as for the reason that a second independent 
set of measurements was not made, the results for HgCo(NCS)4 are not so 
reliable as those obtained for the several 12-tungstomonocobaltate salts, 
or for the nickel Tutton salt or copper sulfate pentaqydrate. Within the 
applicable limits of confidence, however, the susceptibilities reported 
below, after correction for diamagnetism and for temperature-independent 
paramagnetism, eupp~t the contention2 that -e ie6probably not larger than 4o. (d = -189 x 10 ega unitf; TIP= 427 x 10- cge units, based on the 
reported~ Dq value of 488 em.- .) The room temperature susceptibility 
determined in this work, calculated with reference to Ni(Nfi4)2 (s04)2·6E20 
as calibrant, is also approximately 1% smaller than that reported 
elsewhere!, when based on the theoretical molecular weight of HgCo(NCS)4; 
but it is 2% smaller when based on the actual cobalt analysis. 
1. 
2. 
B.N. Figgis and R.s. Nyholm, J. Chem. Soc.,~' 4190; ]222, ~~8. 
F.A. Cotton, O.D. Faut, D.M.L. Goodgame and R.H. Holm, J. Am. Chem. 
Soc.,~' 1780 (1961). 
F.A. Cotton, D.M.L. Goodgame, M. Goodgame and A. Sacco, 
J. Am. Chem. Soc., ~' 4157 (1961). 
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All data are listed in the sequence in which they were recorded. 
For H = 7 .~ kgauss. For H • 9-lo kgauss. 
T ('1<.) 106 'j M T (°K.) 106JM 
297.0 7868 297.0 78~9 
297.0 7862 297.0 78L7 
261.7 8892 261.8 8868 
262.1 8872 262.2 8850 
226.1 102L8 226.2 10223 
226.8 10209 227.0 10195 
199.6 11570 199.7 1155L 
200.6 11510 200.8 1lL93 
163.7 1Lo5L 16L.o lL019 
165.2 13918 165.5 13892 
182.L 12623 182.6 126lL 
183.6 12552 183.7 1253L 
12L.6 18363 12L.8 18308 
126.L 18097 126.6 18055 
99.8 22569 100.2 22587 
101.9 22163 102.3 22072 
79.5 27895 79.L 27907 
79.1 27968 79.1 27975 
83.2 26596 83.5 2C092 
85.8 258oL 86.2 2565L 
h82 
BIBLICGRAPH Y 
A. Alphabetical List of References by First Authors 
Each reference is followed by the numbers of the pages on which 
it is cited in the present work. 
1 • .Abragam., A., arrl Pryce, M. H. L., Proc. Roy. Soc. (London), A20.5, 
13.5 (19.51). (382) 
2. Abragam, A., and Pryce, M. H. L., Proc. Roy. Soc. (London), A206, 
173 (19.51). (32.5, h2h, hhO, h.58) ----
3. Adamson, A. w., Rec. trav. Chim., 7.5, 809 (19.56). (396) 
4. Agarwa1a, u. c., Doctoral Dissertation, Boston University, 
1960. (1.56, 183, 186, 3h.5) 
.5. Aida, K., Bull. chem. Res. Inst. non-aq. solns., Tohoku U., 3, 
1 (19.53). (9.5, 96) -
6. Anderson, P. w., Phys. Rev., 79, 3.50 (19.50). (331, hh2, hL6) 
7. Anderson, P. w., Phys. Rev., ~, 70.5 (19.50); 11.5, 10 (19.59). 
a. - (442) -
9. Baker, L. C. W. , in "Advances in the Chemistry of the Coordination 
Compounds", s. Kirschner, Editor, (Proc. of the Sixth Int•1. 
Coni'. on Coord. Chem.) Macmillan Company, New York, 
1961. (1, 9, 322, 36.5) 
10. Baker, L. C. W., tt.Properties of Heteropo1ymolybdates", Information 
Bulletin Cdb-12, Climax Molybdenum Co., New York, 19.56. 
(1, 16) 
11. Baker, L. c. W., Doctoral Dissertation, University of Pennsylvania, 
19.50. (401) 
12. Baker, L. C. w., Foster, G., Tan, w., Scholnick, F., and McCutcheon, 
T. P., J. Am. Chem. Soc., 77, 2136 (19.5.5). (164) 
13. Baker, L. c. w., Gallagher, G. A., 8I.rl McCutcheon, T. P., J. Am. 
Cham. Soc., 7.5, 2h93 (19.53). (17) 
lh. Baker, L. c. w., Loev;-B., and McCutcheon, T. P., J. Am. Cham. Soc., 
72, 2374 (19.50). (1.54) 
1.5. Baker, L.IC. w., and McCutcheon, T. P., Anal. Cham., 22, 9h4 
(19.50). (120, 228) --
16. Baker, L. c. W., and McCutcheon, T. P., Anal. Chern., !J.., 162.5 
(19.5.5). (113) 
17. Baker, L. c. w., and McCutcheon, T. P., J. Am. Chem. Soc., 78, 4.503 
(19.56). (4, .5, 6, 1.50, 1.51, 180, 216, 223, 30~313, 3lh, 
Loo, 401, 4o.5, h09, 43.5) 
18. Baker, L. c. w., and Simmons, V. E., J. Am. Cham. Soc., 81, h744 
(19.59). (2, 3, 17) --
19. Baker, M. c., ~ons, P. A., and Singer, s. J., J. Am. Cham. Soc., 17, 
2011 (19.5.5). (389) --
20. BalThausen, C. J., in "Progress in Inorganic Chemistrytt, Vol. 2, 
F. A. Cotton, Editor, Interscience Publishers, Inc., New 
York, 1960. (328, 340) 
21. Ballhausen, c. J., K. danske. vidensk. Selsk., Mat. fys. Medd., 29, 
No. 4 (19.54). (327) --
22. Ballhausen, c. J., and J~gensen, c. K., Acta Chern. Scand., 9, 397 
(19.5.5). (32.5, 328, 333, 33h, 424) -
23. Ballhausen, c. J., and Liehr, A. D., Acta Chem. Scand., 1.5, 77.5 
(1961). (320, 36.5) --
2L. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
3L. 
35. 
36. 
37. 
38. 
39. 
4o. 
41. 
L2. 
L3. 
L4. 
L5. 
46. 
L7. 
LB. 
L9. 
5o. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
1,83 
Ballhausen, c. J., and Liehr, A. D., J. Molec. Spectrosc., 2, 3L2 
(1958); k, 190 (196o). (331, 333, 33L, 3Ll, 3L2,-3L3, 350, 
351, 377) 
Ballhausen, c. J., and Liehr, A. D., Molec. P.hys., 2, 123 (1959). (328) 
Ballhausen, c. J. and Moffitt, w., J. Inorg. Nucl. ~em., 3, 178 
(1956). (36L) -
Bartlett, B. w., Phys. Re~, 41, 818 (1932). (85) 
Basolo, F., and Pearson, R. G:', "Mechanisms of Inorganic Reactions", 
John Wiley am Sons, Inc., New York, 1958. (391) 
Bates, L. F., "Modern Magnetism", Th:ird Ed., Cambridge University 
Press, London, 1951. (22, 271, 273, 275, 293) 
Baumann, R. P., "Absorption Spectroscopy", John Wiley and Sons, Inc., 
New York, 1962. (368) 
Bernal, I., Ebsworth, E. A. V., arxi Weil, J. A., Proc. Chem. Soc., 
1959, 57. (L6o) 
Bethe, H.~. der Physik, [5], 3, 133 (1929). (271, 280, 324) 
Biltz, H., and Biltz, w., "Ausfwung Qua.ntitativer Analysen", 
Second Ed., s. Hirzel, Leipzig, 1937. (112) 
Biltz, H., and Biltz, w., "Laboratory Methods of Inorganic Chemistry", 
Secord Ed., (Adapted from the German by W. Hall ani A. 
Blanchard), John Wiley and Sons, New York, 1928. (120) 
Blaedel, w. J., and Knight, H. T., Anal. Chem., 26, 741 (1954). (122) 
Blankenship, F. A., and Belford, R. L., J. Chem.~ys., 36, 633 
(1962). (319) -
Bleaney, B., Rev. Mod. Phys., 25, 161 (1953). (4L6) 
Booth, H. s., Editor, "InorganiC Syntheses", Vol. I, McGraw-Hill 
Book Co., Inc., New York, 1939. (145) 
Born, M., z. Physik, 1, 45 (1920). (388) 
Bose, A., Ind. J. Phys., 22, 276 (19L8). (302, L37, 438, 4Ll) 
Bose, A., and Mitra, s. C7; Ind. J. Phys., 26, 393 (1952). 
(303, 316, 437) --
Bradhurst, D. H., Collier, B. A. w., and Duncan, J. F., J. Inorg. 
Nucl. Chem., 4, 379 (1957). (227) 
Brophy, D. H., Ind. Eng. Chem., Anal. Ed., 3, 363 (1931). (113) 
Brown, D. H., J. Chem. Soc., 1962, 3322, -
4Lo8. ---- (8, 17, 393, 4o8) 
Brown, D. H., and Mair, J. A., J. Chem. Soc., 1958, 2597. (393) 
Brown, D. H., and Mair, J. A., J. Chem. Soc., ~' 1512, 39L6. 
(8, 17, 393) ----
Brubaker, c. H., and Johnson, c. E., J. Am. Chem. Soc., 80, 5037 
(1958). (333) -
Buffagni, s., and Dunn, T. M., Nature, 188, 937 (196o). (328) 
Caglioti, v., Furlani, c., Cervone, E.,Talenti, v., Proceedings of 
the 7th Intl. Conf. on Coord. Chem., Stockholm, 1962, 
paper No. 1B8. (365) 
Carrington, A., Dissertation, University of Southampton, England, 
1959. (377) 
Carrington, A., Ingram, D. J. E., Lott, K. A. K., Schonland, D. s., 
and Symons, M. c. R., Proc. Roy. Soc. (London), A254, 
101 (196o). (351) -
Casselman, T. N., and Keffer, F., Phys. Rev., Letters, L, L98 
(196o). (446) -
Clark, w. M., J. WashingtonAcad. Sci., 10, 255 (1920). (19L) 
Cordon, E. u., and Shortley, G. H., "TheTheory of Atomic Spectra", 
Cambridge University Press, New York am London, 
1935. (325) 
58. 
59. 
6o. 
61. 
62. 
63. 
6L. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
7L. 
15. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
8L. 
85. 
86. 
87. 
88. 
89. 
90. 
Cooke, Lazenby, McKim, Owen, and Wolf, Proc. Roy. Soc. (London), 
A250, 97 (1959). (LL6) 
Cossee, P:;-J. Inorg. Nucl. Chem., 8, L83 (1958). (102, 316, 317) 
Cossee, P., Mo1ec. Phys., 3, 125 (1~60). (287, 301) 
Cossee, P., Thesis, Leiden-University, 1956. (8L, 86, 88, 100, 102, 
105, 301, 302, 316, 358) 
Cossee, P., and van Arke1, A. E., J. Phys. Chem. Solids, 15, 1 
(1960). (357, 358) --
Cotton, F. A., Faut, O. D., Goodgame, D. M. L., and Holm, R. H., 
J. Am. Chem. Soc., 83, 1780 (1961). (102, 359, L80) 
Cotton, F. A., Goodgame, D. g:' L., and Goodgame, M., J. Am. Cham. 
Soc., 83, L690 (1961). (328, 333, 337, 3L2, 3L5, 3L6, 
-- 351, 359, 362) 
Cotton, F. A., Goodgame, D. M. L., and Goodgame, M., J. Am. Cham. 
Soc., 83, L697 (1961). (102) 
Cotton, F. A., Goodgame, D. M. L., Goodgame, M., and Sacco, A., 
J. Am. Chem. Soc., 83, Ll57 (1961). (333, 3L3, L80) 
Cotton, F. A., and Goodgame,-g., J. Am. Chem. Soc., 83, 1777 
(1961). (9L) --
cotton, F. A., and Meyers, M. D., J. Am. Chem. Soc., 82, 5023 
(1960). (317, 318, 36L) --
Cotton, F. A., and Wilkinson, G., •Advanced Inorganic Chemistry", 
Interscience Publishers, John Wiley and Sons, Inc., 
New York, 1962. (303) 
Craig, D. P., and Magnusson, E. A., Disc. Faraday Soc., No. 26, 
118 (1958). (330) 
Curie, P., Ann. de Chim. et de Phys. (7), 5, 289 (1895). (272) 
Dainton, F. s., J. Chem. Soc., 1952, 1533.- (37L, 378) 
deHaas, W. J., and Gorter, c. J:-;-"C'omm. Phys. Lab. Univ. Leiden, 
No. 210d, 39 (1930). (95, 99) 
Delahay, P., •New Instrumental Methods in Electrochemistry", 
Interscience Publishers, Inc., New York, 195L. (395) 
Dreisch, T., and Trommer, W., Z. physik. Chem., B37, 37 (1937). (333) 
Drickamer, H. G., et al, J. Chem. Phys., -
35, L29, 903, lL83 
1!961). (3L9) 
Dunitz, J. D., and Orgel, L. E., J. Cham. Soc., 1953, 259L. (LL6) 
Dunitz, J. D., and Orgel, L. E., J. Phys. Chem. ~ds, 3, 318 
(1957). (3LL) -
Dunn, T. M., in '*Modern Coordination Chemistry11 , J. Lewis and R. G. 
Wilkins, Editors, Interscience Publishers, Inc., New York 
and London, 1960. (315, 317, 329, 3LL, 363, 377) 
Dunn, T. M., J. Chem. Soc., 1959, 623. (329) 
Earnshaw, A. , and Lewis, J. , -:r.-chem. Soc. , 19 61, 396. 
(L31, LL5, LL6, LL9, L57) ----
Emeleus, H. J., and Anderson, J. s., "Modern Aspects of Inorganic 
Chemistry", Seconi Ed., D. Van Nostrand Co., Princeton, N. J., 
1952. (1, 398) 
Englman, R., Mo1ec. Phys., 3, L8 (196o). (328l L28) 
Erika, K., Private Communication, 1962. (305) 
Eriks, K. , and Bass, D. , U npub1ished work. (36o) 
Erika, K., and Fang, J., Private Communication, 1962. (Lll) 
Erika, K., Fang, J., Pope, M. T., Simmons, V. E., Garber, s., and 
Baker, L. c. w., unpublished work. (11, L09) 
Erika, K., and Pope, M. T., Private Communication, 1959. (L03) 
91. 
92. 
93. 
9h. 
95. 
96. 
97. 
98. 
99. 
100. 
101. 
102. 
103. 
lOL. 
105. 
106. 
107. 
108. 
109. 
110. 
111. 
112. 
113. 
llL. 
115. 
116. 
117. 
118. 
119. 
120. 
121. 
122. 
123. 
12L. 
125. 
126. 
127. 
h85 
Erika, K., and Shibata, M., Private Communication, 1960. (h03) 
Erika, K., Yannoni, N. F., Agarwala, U. c., Simmons, V. E., 
and Baker, L. c. w., Acta Cryst., 13, 1139 (1961). (265) 
Feigl, F., 11Spot Tests", Vol. I, InorganicApplications, Fourth 
Ed., Elsevier Publishing Co., Amsterdam , 195h. (87, lh6) 
Ferguson, J., J. Chem. Phys., 3h, 1609 (1961). (353) 
Ferguson, J., Knox, K., and Wooa, D. L., J. Chem. Phys., 35, 2236 
(1961). (3L8, L26, L27) --
Figgis, B. N., Private Communication, 1961. (102) 
Figgis, B. N., Trans. Faraday Soc., 2.§_, 1553 (1960). (102, 280, 281~ 
282, 287, 382) 
Figgis, B. lJ. , an:l Lewis J. , in "Modern Coordination ChemistrY", 
J. Lewis an:1 R. G. Wilkins, Editors, Interscience 
Publishers, New York, 1960. (28, 96, 275, 285, L57) 
Figgis, B. N., and Nyholm, R. s., J. Chem. Soc., 1958, Ll90. {101, 102) 
Figgis, B. N., an:l N,yholm, R. s., J. Chem. Soc., ~~ 331. (9L, 96, 
- 38o) 
Figgis, B. N., and Nyholm, R. s., J. Chem. Soc., 1959, 338. (1021 L37, Flaschka, H., Mikrochemie, 39, 38 (1952). ---- (122) 480) 
Foex, G., Ann. de Phys. (9);-16, 259 (1921). (100) 
Foex, G., "Constantes Selecti0il6es Diamagn~tisme et Paramagnetisme", 
Masson et Cie., Paris, 1957. (86, 96, 316) 
Foex, G., Tsai, and Wucher, Comptes Rend., 233, 1L32 (1951). 
French, c. M., and Harrison, D., J. Chem. Soc., 1953, 2538. 
Friedman, H. L., Hunt, J. P., Plane, R. A., am TiU'Se, H., 
J. Am. Chem. Soc., 73, L028 (1951). (317) 
Furlani, C., Gazz. Chim. Itil'., 87, 371 (1957); 
~, 380 (1957). (36L) 
(LL6) 
(23) 
Geilman, W., and Gebauhr, W., z:-anal. Chem., 139, 161 (1953). (133) 
George, P., and McClure, D. s., in "Progress inTnarganic Chemistry", 
Vol. I, F. A. Cotton, Editor, Interscience Publishers, Inc., 
New York, 1959. (386, 387, 388, 390, 391, 392, 393) 
Gill, N. s., J. Chem. Soc., 1961, 3512. (365) 
Gill, N. s., and ~olm, R. ~J. Chem. Soc., 1959, 3991. (328) 
Glasstone, s., "An Introduction to Electrochemistry11 , D. Van Nostrand 
Co., Inc., New York, 19L2. (197, 210, 212, 388) 
Gloss, G. H., Chemist~nalyst, L2, 50 (1953). (133) 
11Gmelins Handbuch der anorganiscnen Chemie", System Number 53 
(Molybdin) and System Number 5L (Wolfram), Verlag Chemie, 
Berlin, 1935 and 1933 respectively. (1) 
Goodgame, D. M. L., and Cotton, F. A., J. Chem. Soc., 1961, 
3735. (328) ----
Garter, c. J., Phys. Rev., L2, L37 (1932). (277) 
Gorter, c. J., Rev. Mod. Phy;cis, 25, 166 (1953). (LL5) 
Griffith, J. S., "Theory of Transit:ion Metals", Cambridge University 
Press, Lomon and New York, 1961. (369) 
Griffith, J. s., Trans. FaradaySoc., 56, 193 (1960). (382) 
Griffith, J. s., and Orgel, L. E., Quar~. Rev., 11, 381 (1957). 
(315, 391) --
Griffiths, J. H. E., Disc. Faraday Soc., No. 19, 127 (1955). (280) 
Griffiths, J. H. E., and Owen, J., Proc. Roy. Soc. (London), A226, 
96 (195L). (329, 332) ----
Griffiths, Owen, Park, and Partridge, Proc. Roy. Soc. (London), 
A250, 8L (1959). (LL6) 
Guha, B.~ Proc. Roy. Soc. (London), A206, 353 (1951). (302, L37) 
-
L86 
128. Hall, A. J., and Young, R. s., Chem. and Ind., LL, 39L 
(19L6). (14, llh, 119) --
129. Hall, R. D., J. Am. Chem. Soc., 29, 703 (1907). (2LL) 
130." Herzberg, G., "Atomic Spectra a:rirAtomic Structure", Prentice-Hall, 
Inc., New York, 193L. (323, 362) 
131. Hillebrand, w. F., and Lundell, G. E. F., 11Applied Inorganic 
Analysis", John Wiley and Sons, Inc., New York, 
1929. (113, 138, lLO, 141, lh2) 
132. Hoard, J. L., z. Krist., 8L, 217 (1933). (8, 17) 
133. Hodgman, c. D., Editor, ttJr'"andbook of Physics and Chemistry", 34th Ed., 
Chemical Rubber Publishing Co., Cleveland, <llio, 1952. (19L) 
13L. Holm, R. H., and Cotton, F. A., J. Chem. Phys., 31, 788 (1959). (333) 
135. Holm, R. H., and Cotton, F. A., J. Chem. Phys., ~' 1168 
(1960). (316, 333, 358) --
136. Holmes, 0. G., and McClure, D. s., J. Chem. Phys., 26, 1686 
(1957). (333, 3L5, 36L, L2L) --
137. Hoppe, R., Rec. trav. chim., 75, 569 (1956). (317) 
138. Hilckel, w., •structural ChemiiE'ry of Inorganic Compounds", Vol. I, 
Elsevier Publishing Co., Amsterdam, 1950. (1) 
139. Illingworth, J. w., and ~eggin, J. F., J. Chem. Soc., 1935, 
575. (8) -
lLO. "International Tables for X-ray Crystallography", Vol. I, 
The Kynoch Press, 1952. (Lll) 
lhl. Jackson, L. c., Comm. Phys. Univ. Leiden, No. 163 (1923); 
142. Phil. Trans. Roy. Soc., A22L, 1, (1923). (8L, 85, 100) 
1L3. Ja.hn, H. J., and Teller, E., Pro0":1roy. Soc. (London), Al6L, 
111 (1938). (lo, 320, L2L) ----
144. Jahr, K. F., Naturwiss., 29, 528 (19hl). (L09) 
145. Jeffrey, J. w., Nature, 1~, 610 (1947). (3L3) 
146. Johannesen, R. B., PrivateCommunication, 1960. ( 63) 
lh7. Jonker, G. H., and van Santen, J. H., Physica, 19, 120 (1953). (317) 
lL8. JPrgensen, c. K., Acta Chem. Scand., 8, lL95 (l~L). (325, 333, L2L) 
149. J~rgensen, c. K., Acta Chem. Scand., ~' 1502 (195L). (325, 333, 
- 364, 424) 
150. JPrgensen, c. K., Acta Chem. Scand., 9, 116 (1955). (325, 333) 
151. JPrgensen, c. K., Acta Chem. Scand., ~' L05 (1955). (3Ll) 
152. J~rgensen, c. K., Acta Chem. Scand., ~, 717 (1955). (37L, 378) 
153. J,h-gensen, c. K., Acta.Chem. Scand., ~, 1362 (1955). (325, 333, u2L) 
154. Jprgensen, c. K., Acta Chem. Scand., Il, 53 (1957); 
155. l'T," 903 (1958). (329) 
156. JPrgensen, c. K., Acta Chem. Scand.,-r1, 166 (1957). (37L, 377) 
157. J,h-gensen, c. K., Disc. Faraday Soc.,-wo. 26, 110 (1958). (329, 330) 
158. Jprgensen, c. K., "Absorption Spectra and Chemical Bon:iing in 
Complexes", Pergamon Press, Ltd., London, 1961. (315, 32L) 
159. JPrgensen, c. K., in •Solid State Physics", Vol. 13, F. Seitz and 
D. Turnbull, Editors, Academic Press, N. Y., 1962. (391) 
160. JPrgensen, c. K., Reports of the lOth Solvay Conf. in Chem., 
Brussels, 1956. (315, 318, 329, 36L, 390, L26) 
161. Kambe, H., J. Phys. Soc., Japan, 5, L8 (1950). (L45, L46, L57) 
162. Katzin, L., J. Am. Chem. Soc., 76; 3089 (1954). (333) 
163. Keggin, J. F., Nature, 131, 90a-tl933). (8, 3lL) 
164. Keggin, J. F., Proc. Roy. Soc. (London) , Al44, 75 
(1934). (8, 16, 265, ~ 
165. King, W. R., and Garner, c. s.1 J. Chem. Phys., 18, 689 (1950). (4~6) -
166. 
167. 
168. 
169. 
170. 
171. 
172. 
173. 
17~. 
175. 
176. 
177. 
178. 
179. 
180. 
181. 
182. 
183. 
18~. 
185. 
186. 
187. 
188. 
189. 
190. 
191. 
192. 
193. 
19~. 
195. 
196. 
197. 
198. 
199. 
200. 
201. 
~87 
Kleinberg, J., Arger singer, W. J., am Griswold, E. , "Inorganic 
Chemistry", D. c. Heath and Co., Boston, 1960. (2~3, 2~~) 
IO.emm, w., "Magnetochemie", Akademische Verlagsgesellschaft, 
M. B. H., Leipzig, 1936. (28, 271, 293) 
Klemm, W., z. anorg. allgem. Chem., 2~~' 377 (19~0). (28~) 
Klemm, w., z. anorg. allgem. Chem., ~' 3~1 (19~1). (28~) 
Klemm, w., Brandt, w., am Hoppe, R. 7"!. anorg. allgem. Chem., 
308, 179 (1961). 
Koide, s:;-Phil. Mag. [8], ~' 2~3 (1959). (328, ~2~, ~25) 
Koide, s., and .Pryce, M. H.l.., Phil. Mag. [8], .2_, &J7 
(1958). (330, 357) 
Kolthoff, I. M., and Belcher, R., "Volumetric Analysis•, Vol. III, 
Interscience Publishers, New York, 1957. (121) 
Kolthoff, I. M., and Sandell, E. B., "Textbook of Quantitative 
Analysis", Revised Ed., Macmillan Co., New York, 
l9q9. (119, 135, ~2) 
Kolthoff, I. M., and Sandell, E. B., "Textbook of Quantitative 
Analysisn, Macmillan Co., New York, 19~3. (205) 
Kolthoff, I. M., and Tomsicek, w. J., J. Phys. Chem., 39, 9L5 
(1935). (209) --
Kramers, H. A., K. Amst. Akad. Proc., 32 , 1176 (1929); 
~' 1272 (1932); 
jb , 11 (1933); ( 271) 
Kramers, H. A.,Physica, 1, 182, (193L):- (331, ~~6) 
Kraus, 0., Naturwiss., 2~, 250 (1937); 
mJ, 304 ( 19 40) • ( 17) 
Kraus, o., z. Krist., 91; ~02 (1935); 
~, 256 (1936); 
1~, 39~ (1939). (17) 
Krislulan, K. s., Chak::ravorty, N. c., am Banerjee, S., Phil. Trans. 
Roy. Soc., A232, 99 (1933). (85) 
Krishnan, K. s., a.n01ro'okherji, A., Phys. Rev., 5~, 8Ll 
(1938). (95) --
Kurucsev, T., Sargeson, A. M. and West, B. o., J. Phys. Chem., 
61, 1567 (1957). (367, 388) 
LaMer, v:-K., and Baker, L. E., J. Am. Chem. Soc., L4, 1954 
(1922). (194) --
Lancaster, F. W., and Gordy, W.l J. Chem. Phys., 19, 1181 
(1951). (L43J --
Langevin, P., Ann. de Chim. et de Phys. (8), 5, 10 (1905). (272) 
Langevin, P., J. de Phys. (~), L, 678 (1905).- (272) 
Latimer, w. M., "Oxidation States of the Elements and Their 
Potentials in Aqueous Solutions11 , Second Ed., Prentice-
Hall, Inc., New York, 1952. (386, 395) 
Libby, W. F., J. Phys. Chem., 56, 863 (1952). (396) 
Lidiard, A. B., Repts. Prog. Pn;1s., 17, 201 (1954). (4~2) 
Liehr, A. D., Bell Telephone System '!'echnol. Publicn., Monograph 3743, 
Bell Tel. Labs., Inc., New York, 1960. (L24, 427) 
Liehr, A. D., J. Chem. Educ., 39, 135 (1962). (315) 
Liehr, A. D. , am Ballhausen, '07 J. , Phys. Rev. , 106, 1161 
(1957). (328) -
Linhard, M., and Weigel, M., z. anorg. Chem., 266, 49 
(1951). (37~, 377) ---
Lotgering, F. K., Philips Res. Repts., 11, 190 (1956). (465) 
Low, w., ttparamagnetic Resonance in Soli'a"s", Suppl. 2 of 11Solid 
State Physics", Academic Press, New York, 19&J. (382) 
L88 
202. Low, W., Phys. Rev., 109, 256 (1958). (325, L2L) 
203. Low, W., am Weger, M:-;-Fhys. Rev., 118, 1130 (1960). {370) 
20L. Lundell, G. E. F., and Hoffman, J. I:-;-J. Im. Eng. Chem., _hl, 5LO 
(1921). (113) 
205. Mair, J. A., and Waugh, J. L. T., J. Chem. Soc., 1950, 2372. (393, L08) 
206. Ma1aprade, M. L., Bull. Soc. Chim. (France), [L),-nT; L05 (1930). (113) 
207. Margenau, H., and Murphy, G. M., "The Mathematics 01" Physics and 
ChemistrY'', Second :Ed., D. Van Nostram Co., Inc., 
Princeton, N. J., 1956. (103) 
208. Marshall, w., and Stuart, R., Phys. Rev., 123, 2048 (1961). 
209. McClure, D. S., in "Solid State Physics", VO'I. 9; F. Seitz and 
D. Turnbull, :Editors, Academic Press, New York and 
London, 1959. (315, 3L6, 355, 37L, 380, 393) 
(356) 
210. McClure, D. s., J. Phys. Chem. Solids, 3, 311 (1957). (333, 3LL) 
211. McClure, D. s., quoted in Cotton, F. A.-; Goodgame, D. M. L., an:i 
Goodgame, M., J. Am. Chem. Soc., 83, L690 (1961). (337) 
212. McConnell, H.l and Davidson, N., J. Am. Cnem. Soc., 72, 3168 
(1950J. (L60) -
213. McConnell, H., a.nd David son, N., J. Am. Chem. Soc. , 72, 5551 
(1950). (L60) --
21L. McNabb, w. M., z. anal. Chem., 92, 1 (1933). (113) 
215. Mellor, J. w., "A Comprehensive~reatise on Inorganic and Theoretical 
Chemistry", Vol. XI, (Te, Cr, Mo, W), Longmans, Green 
and Co., London, 1931. (1) 
216. Meyers, M. D., am Cotton, F. A., J. Am. Chem. Soc., 82, 5027 
(1960). (318) --
217. Moffitt, w., and Ballhausen, c. J., Ann. Rev. Phys. Chem., 7, 107 
(1956). (323, 32L, 3Ll) -
218. Moore, c. E., AAtamic Energy Levels11 , Natl. Bureau of Standards 
Circ. L67, Vol. II, Washington, 1952. (326, 362) 
219. Moore, R. B., et al, 11Analytical Methods for Certain Metals", 
U. S. Bureau of Mines Bulletin, 1923. ( 137) 
220. r~tional Bureau of Standards, "Selected Values of Chemical Thermo-
dynamic Properties", C:ircular 500, Washington, D. C., 
1952. (387) 
221. Neel, L., Ann. Phys. Paris, 18, 6L (1932)} 
222. ~' 256 (1936); 
223. 1, 121 (19L8). (4L2) 
22L. Neel, L., Rev. Mod. Phys., 25-; 58 (1953). (465) 
225. north, E. 0., in 11Inorganic""'!yntheses11 , Vol. I., H. S. Booth, 
Editor, McGraw-Hill Book Co., Inc., New York, 1939. (259, 260) 
226. N,yholm, R. s., Quart. Rev., 7, 377 (1953). (303, 315, 316, 437) 
227. Nyholm, R. s., Reports of the lOth Solvay Conf. in Chem. , 
Brussels, 1956. (315) 
228. Orgel, L. E., 11An Introduction to Transition-Metal Chemistry: Ligand 
Field Theory", John Wiley and Sons, Inc., New York, or 
Methuen and Co., Ltd., London, 1960. (315, 321, 378, 
391, 396, 397) 
229. Orgel, L. E., Disc. Faraday Soc., No. 26, 138ff, (1958). (347, 351) 
230. Orgel, L. E., J. Chem. Phys., ~' lOOL (1955). (325, 329, 333, 
33L, 42L) 
231. 
232. 
233. 
234. 
235. 
Orgel, L. E., 
Orgel, L. E., 
Orgel, L. E., 
Orgel, L. E., 
J. Chem. Phys., 23, 1819 ( 1955); 
~, 182L ( 1955) • 
J. Chem. Soc., ~52, L756. 
Nature, 179, 13!iB""Tl957) • 
Quart. Rev., ~' L22 (195L). 
(329, 363) 
(374) 
(348) 
(374, 378) 
236. 
237. 
238. 
239. 
2LO. 
2Ll. 
2L2. 
2L3. 
2LL. 
2L5. 
2L6. 
2L7. 
2L8. 
2L9. 
250. 
251. 
252. 
253. 
25L. 
255. 
256. 
257. 
258. 
259. 
260. 
261. 
262. 
263. 
26L. 
265. 
266. 
267. 
268. 
269. 
270. 
L89 
Orgel, L. E., Reports of the lOth Solvay Conf. in Chem., Brussels, 
1956. (315, 350, 37L, 396) 
Ostroff, A. G., and Sanderson, R. T., J. Inorg. Nucl. Chem., 9, 
L5 (1959). (120) -
Ostrofsky, M., Phys. Rev., L6, 60L (193L). (363) 
Owen, J., Proc. Roy. Soc. (LOndon), A227, 183 (1955). (329, 331, 
---- 336, 355) 
Pacault, A., arrl Souchay, P., Bull. Soc. Chim., 19L9, D377. (28L) 
Pappalardo, R., Phil. Mag. [8), L, 219 (1959). ---- (325, L2L, L26) 
Pappalardo, R., and Dietz, R. E.; Phys. Rev., 123, 1188 
(1961). (333, 336, 338, 3LL, J40) 
Pappalardo, R., Wood, D. L., and Linares, R. c., Jr., J. Chem. 
Phys., 35, 20Ll (1961). (333, 33L, 3L6, L2L) 
Pauling, L., J.-xm. Chem. Soc., 51, 1010 (1929). (16) 
Pauling, L., J. Am. Cham. Soc., ;I, 2868 (1929). (15) 
Pauling, L., nsommerfeld Festscm:Iftn, s. Hirzel, Leipzig, 
1928. (16) 
Penney, w. G., and Schlapp, R., Phys. Rev., Ll, 19L 
(1932). (271, 279, 323) --
Penney, W. G., and Schlapp, R., Phys. Rev., L3, L85 (1933). (271) 
Peters, R., z. physik, Cham., 26, 193 (1898):- (195) 
Pierce, w. c., and Haenisch, E:-L., "Quantitative Analysis", Third 
Ed., John Wiley and Sons, Inc. , New York, 
19L8. (126, 129, lLO, 199, 201) 
Pitzer, K. s., "Quantum Chemistry", Prentice-Hall, Inc., New York, 
1953. (3Ll) 
Pope, M. T., and Baker, L. c. w., J. Phys. Chem., 63, 2083 
(1959). (367) --
Pope, M. T., and Baker, L. c. w., Private Communication, 1959. (176) 
Pryce, M. H. L., Disc. Faraday Soc., No. 26, 2L (1958). (355) 
Pryce, M. H. L., quoted in Cossee, P., Molec. Phys., 3, 125 (1960). (287) 
Pryce, M. H. L., quoted in J. Owen, Proc. Roy. Soc. (London), 
A227, 183 (1955). (336) 
Racah, G:;-phys. Rev., 62, L38 (19L2). (325, 329) 
Reekie, J., Proc. Roy. ~c., 173A, 367 (1939). (95, 99) 
Reilley, c. N., Cooke, W. D. ,""i'Dd Furman, N. H., Anal. Chem., 
23, 1223 (1951). (395) 
Richardson, J. T., and Vernon, L. w., J. Phys. Chem., 62, 1153 
(1958). (358) --
Rosenheim, A., in Abeggt s llffandbuch dar anorganischen Chemie", 
Vol. IV, Part 1, ii, Leipzig, 1921. (1) 
Santos, J. deA., Proc. Roy. Soc. (London), Al50, 309 (1935). 
Santos, J. deA., Revista Faculdade Cienc., t:TiiiV. of Coimbra 
(17) 
(Portugal), 16, 5 (19L7). (8, 20) 
Sarver, L. A., Ind. Eng. Chem., Anal. Ed., 5, 275 (1933). (113) 
Schiffer, c. E., J. Inorg. Nucl. Chem., 8, ~9 (1958). (L31) 
Schaffer, c. E., and J¢rgensen, c. K., J7 Inorg. Nucl. Chem., ~' 
lL3 (1958). (329, 330) 
(330) Schlafer, H. L., z. physik. Chem., 6, 201 (1955). 
Schlapp, R., and Penney, w. G., Phys. Rev., L2, 666 
(1932). (102, 271, 278l 279, 2~, 287, 301, 303, 323, 
355, L2L, L58J 
Scholder, R., and Klemm, w., Angew. Chem., 66, L61 (195L). (317) 
Schonland, D. s., Proc. Roy. Soc. (London),-r25L, 111 (1960). (351) 
-
271. 
272. 
273. 
27L. 
275. 
276. 
277. 
278. 
279. 
280. 
281. 
282. 
283. 
28~. 
285. 
286. 
287. 
288. 
289. 
290. 
291. 
292. 
293. 
29L. 
295. 
296. 
297. 
298. 
299. 
300. 
301. 
302. 
Selwood, P. w., "Magnetochemistry", Second Ed., Interscience 
Publishers, New York, 1956. (28, 29, 100, 28L, 319) 
Shibata, M., Private Communication, 1960. (2L2, L07) 
Shibata, M. , and Baker, L. C. W. , Abstracts of Papers Presented 
before Div. of Inorg. Chem., Natl. Mtg., Am. Chem. Soc., 
New York, 196o. (2L2, L03) 
Shibata, M., and Simmons, V. E., Unpublished wrk. (L03) 
Shimura, Y., and Tsuchida, R., Bull. Chem. Soc. Japan, 29, 311 
(1956). (3LL) --
Shimura, Y., and Tsuchida, R., Bull. Cham. Soc. Japan, 30, 502 
(1957). (7, 332, 369, 398) --
Shull, c. G., and Wollan, E. o., in "Solid State Physics", Vol. 2, 
F. Seitz and D. Turnbull, Editors, Academic Press, 
New York, 1956. (LL3) 
Sienko, M. J., and Truong, T. B. N., J. Am. Chem. Soc., 83, 
3939 (1961). (398) --
Signer, R., and Gross, H., Helv. Chim. Acta, 17, 1076 
(193L). (8, 17, 265) -
Sinunons, V. E., and Baker, L. c. W., Proceedings of the Seventh 
Int•l. Conf. on Coord. Chem., Stockholm, Sweden, 1962, 
p. 196. (2) 
Simmons, V. E., Ya.nnoni, N. F., Eriks, K., and Baker, L. C. W., 
Abstracts of Papers Presented before Div. of Inorg. 
Cham., Natl. Mtg., Am. Cham. Soc., Atlantic City, 1959, 
p. 25N. (2, 3) 
Sinunons, w. F., Private Communication, 1963. (L56) 
Slater, J. c., Phys. Rev., 3L, 1293 (1929); JO, 57 (1930). (325) 
Smart, s., Am. J. Phys., 23;-356 (1955). (LL2) 
Smart, s., Rev. Mod. Phys7; 25, 327 (1953). (LL2) 
Smit, J., and Wijn, H. P. J.;-•Ferrites", Philips Technological 
L9o 
Library, John Wiley and Sons, Inc., New York, 1959. (LL2) 
Sneed, M. c., and Brasted, R. c., "Comprehensive Inorganic 
Chemistry", Vol. V, D. Van Nostrand Co., Inc., Princeton, 
N. J., 1956. (75) 
Sp~u, G., am Dick, F., z. anal. Chem., 71, 97 (1927). (112, 251) 
Stahl-Brada, R., am Low, W., Phys. Rev.,-n.3, 775 
(1959). (323, 33L, 33~38) 
Stephens, D. R., and Drickamer, H. G., J. Chem. Phys., 35, 
L29 (1961). 033) -
Stevens, K. W. H., Proc. Roy. Soc. (London), A219, 5L2 
(1953). (332) -
Stoner, E. C., "Magnetism am Matter", Methuen and Co., Ltd., 
London, 193L. (271, 355, LLL) 
Stoner, E. c., Phil. Mag., 8, 250 (1929). (271, 277) 
Stotz, H., et al, J. Appl. Jhys., 32, 2185 (1961). (LL3) 
Straumanis, M. E., J. Am. Chem. SoC:, 71, 679 (19~9). (398) 
Strickland, J. D. H., J. Am. Chem. Soc7; 7L, 
862, 868, 872 --
(1952). (397, 398) 
Tanabe, Y., am Sugano, S., J. Phys. Soc. Japan, 9, 753 am 766 
(195L). (11, 325, 329, 335, 363, 16L, L23, L2L) 
Taube, H., in ''Progress in Inorganic Chemistry and Radiochemistry", 
Vol. I, H. J. Emeleus and A. G. Sharpe, Editors, 
Academic Press, Inc., New York, 1959. (396, 397) 
303. 
30~. 
305. 
306. 
307. 
308. 
309. 
310. 
311. 
312. 
313. 
3~. 
315. 
316. 
317. 
318. 
319. 
320. 
321. 
322. 
323. 
32~. 
325. 
326. 
327. 
328. 
329. 
330. 
331. 
332. 
333. 
33~. 
Tessman, J. R., Kahn, A., Shockley, w., Phys. Rev., 92, 890 
(1953). (3~8) -
Thorne, P. c. L., and Roberts, E. R., "F. Ephriam's Inorganic 
Chemistry", Fifth Ed., Interscience Publishers, Inc., 
New York, 19~8. (1) 
Tilk, w., and Klemm, w., z. anorg. allgem. Chem., 2~0, 355 
(1939). (285) ---
Tinkham, M., Proc. Roy. Soc. (London), A236, 535 (1956); 
~, 5~9 (1956). (332) 
Tomicek, o., and Freiberger, F., J. Am. -mle'm. Soc., 57, 801 
(1935). (113, 1~, 120) --
Treadwell, F. P., and Hall, W. T., "Analytical Chemistry", Vol. II, 
Quantitative Analysis, Seventh Ed., John Wiley and Sons, 
Inc., New York, 1930. (113, ~5) 
Tsigdinos, G. A., Doctoral Dissertation, Boston University, 
1961. (1, 16, 176, 2~~, 3~~) 
van Santen, J. H., and van Wieringen, J. s., Rec. trav. chim., 71, 
~20 (1952). (3~9) --
Van Vleck, J. H., J. Chem. Phys., 3, 803 (1935). (3~6, 350) 
Van Vleck, J. H., J. Chem. Phys., J, 807 (1935). (271, 278) 
Van Vleck, J. H., J. Chem. Phys., 7, 61 (1939). (271, 363) 
Van Vleck, J. H., J. Chem. Phys., 7, 72 (1939). (363) 
Van Vleck, J. H., J. Chem. Phys., ~' 85 (19~1). (~~2) 
Van Vleck, J. H., J. Phys. Chem., ~' 67 (1937). (328, 3~1) 
Van Vleck, J. H., Phys. Rev., ~1, ~8 (1932). t71, 279, 301, 323, 32~) 
Van Vleck, J. H., "The Theory 0? Electric and Magnetic 
Susceptibilitiesn, Oxford University Press, New York 
and London, 1932. (271, 355) 
Van Vleck, J. H., in Cossee, P., and van Arkel, A. E., J. Phys. 
Chem. Solids, 15, 1 (1960). (102, 287) 
Vogel, A. I., '1TextbooF"of Quantitative Inorganic Analysis", 
Second Ed., Longmans, Green, and Company, Lon:ion, 
1951. (113) 
Volger, J., Thesis, Leiden University, 19~6. (86) 
Weakley, T. J. R., Private Communication, 1961 and 1962. (5, 10) 
Weakliem, H., Jr., J. Chem. Phys., in press 
(1963). (333, 33~, 336, 338, 3~2, 3~~, 3~5, 3~6, 3~9, 
357) 
Weger, M., and Low, W., Phys. Rev., 118, 1119 (1960); 
~' 2277 (1960). (327, 370) 
Weiss, P., J. de Phys. (~), 6, 661 (~). (27~) 
Welcher, F. J., "The Analytical Uses of Ethylenediaminetetraacetic 
Acid", D. Van Nostrand Co., Inc., Princeton, N. J., 
1958. (123) 
Wells, A. F., "Structural Inorganic Chemistry11 , Seco:rl:3 Ed., OXford 
University Press, New York, 1950. (1, 313, 322, 3~7, 3~9) 
Welo, L. A., Phil. Mag. [7], 6, ~81 (1928). (~~6, ~~8) 
Whitney, J. E., and Davidson,-N., J. Am. Chem. Soc., 71, 3809 
(19~9). (~60) --
Wickham and Goodenough, Phys. Rev., 115, 1156 (1959). (~~6) 
Willard, H. H., and Diehl, H., "Advanced Quantitative Analysis", 
D. Van Nostrand Co., Inc., New York, 19~3. (116, 137) 
Willard, H. H., Furman, N.H., and Bricker, c. E., 11Elements of 
Quantitative Analysis", Fourth Ed., D. Van Nostrand Co., 
Inc., Princeton, N. J., 1956. (139) 
335. Willard, H. H., Herritt, L. L., a.rrl Dean, J. A., "Instrumental 
Methods of Analysis", Secom Ed., D. Van Nostrand Co., 
Inc., New York, 1951. (118) 
~92 
336. 
331. 
338. 
339. 
Williams, R. J. P., Disc. Faraday Soc., No. 26, 123 (1958). (3LL) 
3~0. 
3~1. 
3~2. 
3~3. 
3~~. 
3~5. 
3L6. 
3~1. 
3~8. 
3~9. 
350. 
351. 
Williams, R. J.P., J. Chem. Soc., 1955, 137. (37~) 
Williams, R. J. P., J. Chem. Soc., ~' 8. (3Ll) 
Wilmarth, W. K., Graff, H., a.rrl Gustin, S. T., J. Am. Chem. Soc., 
78, 2683 (1956). (~31) 
Wolf, w.-p., Repts. Prog. Phys., 2L, 212 (1961). (LL2) 
Wolfsberg, H., am Helmholz, L., J. Chem. Phys., 20, 837 
(1952). (350) --
Wollan, E. o., Phys. Rev., 117, 387 (1960). (LL6) 
Wyckoff, R. w. G., "Crystal-s'tructures11 , Vol. I, Inter science 
Publishers, Inc., New York, 19L8. (350) 
lamBda, s., and Tsuchida, R., Bull. Chem. Soc. Japan, 27, L36 
(195L). (333) --
]amada, s., et al, Bull. Cham. Soc. Japan, 28, 222 (1955). (36L) 
lamatera, H., Bull. Chem. Soc. Japan, 31, 9~(1958). (317, 318, 36L) 
Yannoni, N. F., Doctoral Dissertation,-n'oston University, 
1961. (9, 17, 20, 265, 313, 314, 319) 
Yannoni, N. F., Simmons, V. E., Eriks, K., and Baker, L. c. w., 
Abstracts of Papers Presented before Div. of Inorganic 
Chem., Natl. Mtg., Am. Chem. Soc., Atlantic City, 
1959, p. 26N. (20, 265) 
Young, R. s., "Cobalt", A. c. s. Monograph No. 108, Reinhold 
Publishing Corp., 19L8. (114) 
Yvon, J., Horowitz, J., Abragam, A., Rev. Mod. Phys., 25, 163 
(1953). (LL6) --
Zahner, J. c., am Drickamer, H. G., J. Chem. Phys., 35, 1483 
(1961). (L2L) -
B. Cross-Reference List of Co-Authors 
The preceding list shows all of the first authors of the 
respective articles in alphabetical order. The following consists 
of an alphabetical list of the other authors, each name being 
followed by the number(s) (pertaining to Section A above) of the 
co-authored article(s). 
Abragam, A. 
Agarwala, U. c. 
Amerson, J. s. 
Argersinger, w. J. 
Baker, L. c. w. 
Baker, L. E. 
Ballhausen, c. J. 
Banerjee, s. 
Bass, D. 
Belcher, R. 
Belford, R. L. 
Biltz, w. 
Brandt, w. 
Brasted, R. C. 
Bricker, c. E. 
3$0 
92 
8L 
166 
89, 92, 252, 253, 273, 280, 281, 3L8 
189 
198, 217 
186 
87 
173 
31 
3L, 35 
170 
288 
33L 
L93 
Cervone, E. 52 
Chakravorty, N. c. 186 
Collier, B. A. w. L3 
Cooke, w. D. 259 
Cotton, F. A. 118, 13L, 135, 216 
David son, N. 212, 213, 331 
Dean, J. A. 335 
Dick, F. 289 
Diehl, H. 333 
Dietz, R. E. 2l.J2 
Drickamer, H. G. 351 
Duncan, J. F. L3 
Dunn, T. M. 51 
Ebsworth, E. A. v. 32 
Erika, K. 281, 3L8 
Fang, J. 88, 89 
Faut, o. D. 63 
Foster, G. 12 
Freiberger, F. 308 
Furlani, c. 52 
Furman, N. H. 259, 33L 
Gallagher, G. A. 13 
Garber, s. 89 
Garner, c. s. 165 
Gebauhr, w. 110 
Goodenough 332 
Goodgame, D. M. L. 63, 6L, 65, 66 
Goodgame, M. 6L, 65, 66, 67 
Gordy, w. 190 
Gorter, c. J. 73 
Graff, H. 339 
Griswold, E. 166 
Gross, H. 279 
Gustin, S. T. 339 
Haenisch, E. L. 250 
Hall, W. T. 309 
Harrison, D. 106 
Hel.mholz, L. 3Ll 
Hoffman, J. I. 20L 
Hol.m, R. H. 63 
Hoppe, R. 170 
Horowitz, J. 350 
Hunt, J. P. 107 
Ingram, D. J. E. 5~ 
Johnson, C. E. 50 
u~gensen, C. K. 22, 266 
Kahn, A. 303 
Keffer, F. 55 
Keggin, J. F. 139 
Klemm, w. 269, 305 
Knight, H. J. 36 
Knox, K. 95 
Lazenby 58 
Lewis, J. 83, 98 
Liehr, A. D. 23, 2L, 25, 26 
Linares, R. c., Jr. 
Loev, B. 
Lott, K. A. K. 
Low, W. · 
Lundell, G. E. F. 
Lyons, P. A. 
Magnusson, E. A. 
Mair, J. A. 
McClure, D. s. 
McCutcheon, T. P. 
McKim 
Merritt, L. L. 
Meyers, M. D. 
Mitra, s. c. 
Moffitt, w. 
Mookherji, A. 
Murphy, G. M. 
.Nyholm, R. s. 
Orgel, L. E. 
Owen, J. 
Park 
Partridge, 
Pearson, R. G. 
Penney, w. G. 
Plane, R. A. 
Pope, M. T. 
Pryce, M. H. L. 
Roberts, E. R. 
Sacco, A. 
Sandell, E. B. 
Sanderson, R. T. 
Sargeson, A. M. 
Schlapp, R. 
Scholnick, F. 
Schonland, D. s. 
Shibata, M. 
Shockley, w. 
Shortley, G. H. 
Simmons, v. E. 
Singer, s. J. 
Souchay, P. 
Stuart, R. 
Sugano, s. 
Symons, M. c. R. 
Tan, w. 
Taube, H. 
Teller, E. 
Tomiscek, w. J. 
Trommer, W. 
Truong, T. B. N. 
Tsai 
Tsuchida, R. 
Valenti, v. 
van Arkel, A. E. 
2L3 
lL 
5L 
290, 325, 326 
131 
19 
70 
L7, L8, L9 
111, 136 
12, 13, lL, 15, 16, 17 
58 
335 
68 
L2 
27 
187 
207 
99, 100, 101, 113 
79, 80, 123 
58, 125, 126 
126 
126 
29 
268 
107 
89, 90 
1, 2, 172 
30L 
66 
17L, 175 
237 
188 
2L7, 2L8 
12 
5L 
91 
303 
57 
18, 92, 27L, 3L8 
19 
2LO 
208 
300,301 
5L 
12 
107 
lL3 
176 
75 
278 
105 
275, 276, 3LL 
52 
62 
L9L 
van Santen, J. H. 
van Wieringen, J. s. 
Vernon, L. w. 
Waugh, J. L. T. 
Weger, M. 
Weigel, M. 
Weil, J. A. 
West, B. o. 
Wijn, H. P. J. 
Wilkinson, G. 
Wolf 
Wol1an, E. o. 
Wood, D. L. 
Wucher 
Yannoni, N. F. 
Young, R. s. 
1L7 
311 
260 
205 
203 
199 
32 
188 
287 
69 
58 
277 
95, 2L3 
105 
.92, 281 
128 
L95 
BOSTON UNIVERSITY 
GRADUATE SCHOOL 
Abstract 
of 
Dissertation 
HErEROPOLY TUIDSTOCOBALTOATES AND TUNJSTOCOBALTD\.TES 
BASI!D ON CoO~ TETRAHEDRA: 
MAGNETIC PROPERTIES, SPPJJTRA, CHEMISTRY, AND STRUCTURES 
by 
Violet Eva Simmons 
(A. B., University of Pennsylvania, 19.53) 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, 1963 
h91 
This dissertation reports an investigation of the chemical, magnetic 
and spectroscopic properties, and of the formulas and structures (atomic 
and electronic) as deduced from that evidence, of the following four 
interrelated heteropoly 12-tungstocobaltate anions: 
[ +2 +2 ]-8 I. Co00tCotetw12oh0o2.~2n , 12-tungstodicobaltoate; 
III. 12-tungstocobaltoate; 
IV. 12-tungstocobaltiate. 
It also reports the results of a preliminary investigation of a new type 
of heteropoly anion, containing both Co and Si as "central atoms". 
Anions III a:rxi IV are isomorphs and are shown to have the Keggin 
structure. The detailed structure of isomorphous anions I am II is 
elucidated. The magnetic am spectroscopic results are given detailed 
interpretation in terms of ligand field theory. 
For anion III: Dq • 484 cm.-1 ; B1 • 672 cm.-1 ; ~eff • 4.27 B.M. ; 
e • essentially zero. 
For anion IV: "Dq11 (distorted tetrahedral field) ~ 800 em. -l ; 
B' lO:j 600 em. -1; }leff • 5.07 B.M. ; e • -1.1~. 
For: Co(II)tet in anion I : Dq • 46.9 cm.-1; B' • 687 cm.-1. 
Co( II) oct in anion I: : Dq • 850 em. -l ; B' • 678 em. -1. 
Several salts of anion I : The magnetic properties are interpreted 
in terms of an intra-ionic interaction, 
with J values ranging from -6.7 em. -l 
to -7.6 em. -1, and corresponding g 
values from 2.40 to 2.37. (Weiss 
constants of from -22° to -3SOK. are 
observed.) 
For anion II: See point 13 below. 
For Co(II) oct in 12-tungstocobaltosilicate: Dq • 86!, em. -1 ; 
B• • 78o cm.-1 • 
Some of the more significant results of this work include: 
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1. The first establishment of the existence of complexes which 
contain any d6 ion (Co( III)) in a tetrahedral site. Investigation of the 
magnetic properties and spectra of such complexes. 
2. The first use of heteropoly complexes to provide stabilization of 
unusual coordination geometries for transition metal ions. 
3. The first reported single heteropoly anion containing two 
different elements as "central atoms". 
h. The first demonstration of the incorporation of a typically 
metallic transition element as the central atom in a 11Keggin structure" 
12-heteropoly complex. 
5. Development of techniques for obtaining increased accuracy of 
magnetic susceptibilities by the Gouy method, between room temperature and 
liquid nitrogen temperature, and application of these techniques in 
very accurate measurements of salts (magnetically dilute) of the anions 
listed above. 
6. Experimental evaluation of a number of substances sometimes 
recommended as paramagnetic standards. 
1. Development, after critical experimental search, of an improved 
redox titration method for determination of cobalt (within 3 parts per 
1000) in the presence of large excesses of tungstate, and establishment of 
accurate analytical methods for differentiating and determining the various 
structurally different types of cobalt atoms in these compo'Ul'ds. 
8. Report of the first tetrahedral complex exhibiting a Ja.hn-Teller 
distortion which removes degeneracy in the non-bonding (e) orbitals of 
the central atom. 
9. Unambiguous study of tetrahedral Co( II) and Co( III) complexes 
wherein the magnitudes of the Weiss constants can be correlated completeJ..y 
for the first time in terms of the detailed symmetries of the coordination 
spheres. 
10. Investigation of isomorphous complexes of tetrahedral Co(II) 
and Co(III) wherein the distortion of the Co(III)OL tetrahedron, relative 
to the regularity of the Co(II)OL tetrahedron, can arise only from Jahn-
Teller forces. 
11. Investigation of the rapid reversible redox reaction which inter-
converts the Co(II) and Co(III) isomorphous complexes. Probably very 
few, if any, other Co(II) - Co(III) couples exist for which such an 
investigation and its interpretation have been possible. The formal 
oxidation potential in 0.5 M H2so4 is -1.07 volts. Preliminary estimation 
of the standard oxidation potential yielded a value of Ji.OO ! 0.02 volt. 
12. The redox potentials enable predictions to be made regarding the 
existence and non-existence of various other isomorphous heteropoly 
complexes based on other central atoms. These predictions are based on 
plausible assumptions about entropy changes and heats of formation. 
13. Investigation, correlation, and interpretation of the chemical 
properties, structure, spectra, and magnetic properties of (a) a complex 
containing two Co(II) atoms am (b) a complex containing both Co(II) and 
Co(III). These involve antiferromagnetic interactions between Co atoms 
which are separated by several other atoms. The latter complex exhibits 
a magnetic susceptibility which changes less than 10% between room 
temperature and liquid nitrogen temperature. Its magnetic properties 
are highly unusual, probably unique. 
14. The mixed valence compound mentioned immediately above also 
provides a rare example of a well-characterized, soluble, polynuclear 
complex having charge transfer which involves atoms of the same element 
in different; oxidation statea. 
15. Elucidation of a fundamental (binuclear) new type of heteropoly 
compound (based on anions I and II) which exhibits a new sort of anion 
structure in solution and a new sort of polymeric structure in crystals, 
each of which is elucidated. The nature of the reactions with the 
solvent which must accompany the dissolution or crystallization process 
is indicated. 
16. Discussion of the high probability that the tungstate skeleton 
of heteropoly anions is an excellent conductor of electrons. 
The interrelationships of all of the foregoing data and 
interpretations are expanded upon. 
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